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ABSTRACT

Measurement and mapping of the pressure distribution across the surface of a
suitably scaled model is an integral step in the design of any aircraft or automobile. For
this purpose, the traditional workhorses of the aeronautic and automotive industries have
been pressure taps—small orifices that contain electronic pressure transducers. Unfortunately, in addition to the limited spatial resolution achievable with such devices, their
technical complexity and cost constitute serious disadvantages. For more than 35 years,
researchers have pursued a fundamentally different alternative: indirect measurement of
pressure via oxygen-induced quenching of the luminescence emitted by certain chemical
species. Porphyrin complexes of dipositive palladium and especially platinum have emerged as one of the principal classes of oxygen-sensitive luminophores; ruthenium(II)
polypyridyl complexes comprise another. Various other metals also form luminescent
coordination complexes that are susceptible to quenching by O2, however, and these too
have contributed to the diversity of luminophores that are now available for incorporation
into pressure-sensitive paints and related films and coatings.
After treating the photophysics of luminescence quenching by molecular oxygen
and quantitative descriptions of this phenomenon in the ideal case and in heterogeneous
media, the thesis presents a comprehensive survey of the chemical literature on oxygensensitive luminophores. Efforts to prepare and characterize a novel porphyrin-pillared
mixed zirconium phosphonate are then detailed. Following complexation of Pt(II) ions
by the porphyrin moieties, this material is expected to display oxygen-sensitive luminescence and should ameliorate such difficulties as luminophore aggregation and matrix
photodegradation that are associated with many existing pressure-responsive coatings.
Its preparation necessitated preliminary formation of a porphyrin functionalized with two
phenylphosphonic acid groups, which was obtained by synthesizing dipyrromethane and
diethyl 4-formylphenylphosphonate and condensing these two precursors. The mixed
phosphonate, a layered material assembled from ZrOCl2 · 8H2O, methylphosphonic acid,
and the aforementioned porphyrin, was then prepared in refluxing HF. Solid-state 31P
NMR spectra and powder X-ray diffraction patterns were acquired for the final product,
its estimated interlayer spacing of 22.8 Å figuring prominently in analysis and discussion
of the X-ray data.
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CHAPTER 1: INTRODUCTION TO PRESSURE-SENSITIVE PAINTS
1.1 Definition, Motivation, and Historical Remarks
Pressure-sensitive paints (PSPs), whether applied to airplane models, automobile
bodies, or wind turbines, depend upon photonic excitation of a luminophore immobilized
in or on a supporting matrix and subsequent quenching of its emission by molecular oxygen. At a minimum, then, the requirements for a PSP-based sensing platform include an
excitation source, a luminescence detector, and a computer system for data acquisition
and processing. A simple lamp often serves as the optical source, although light-emitting
diodes (LEDs, either singly or assembled into arrays) are preferable when dealing with
appreciably photosensitive luminophores. A CCD camera is the detector of choice in
most contemporary PSP research, with alternatives such as photomultiplier tubes (PMTs)
and organic photodiodes (OPDs) finding more limited use. Optical components are frequently interposed between the painted surface and one or both of the aforementioned
components as well. A high-pass or bandpass filter, for instance, may be employed to
isolate the pressure-dependent signal from stray excitation light as indicated in Figure 1.

Figure 1. Schematic of a PSP sensing platform, adapted from Liu and Sullivan.1 The source
may be fitted with a filter as well if its output is appreciably polychromatic.
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Barometric measurements derived from PSP are inherently indirect: luminescence
intensity is a function of the partial pressure of gaseous O2, which in turn is proportional
to the total pressure of the overlying air. Even on an intuitive level, however, several advantages of PSP over alternative means of mapping surface pressure distributions spring
to mind. Traditional pressure mapping necessitates the construction of an aerodynamic
model featuring numerous taps, small orifices containing electronic pressure transducers.2
Excepting the electronics, this is a dated methodology indeed—among the first to make
extensive use of wall taps for the measurement of static pressure was eighteenth-century
physicist Daniel Bernoulli.3 Taps must be installed with great care at strategic locations
across the surface under study, the accuracies in their dimensions and positions ultimately
dictating the measurement accuracy of the entire system, and a full-scale model can easily require 100 or more of these taps.4 Aside from the attendant expense and technical
complexity, data obtained by means of pressure taps suffer from limited spatial resolution.
As recently as 2007, the smallest tap-compatible sensor available was 1.5 mm in diameter;
this implies an attainable resolution of about 1.8 mm 2 at best.5 Finally, surfaces too fragile to support taps cannot be probed by this technique at all.2 PSP promises to address all
of these challenges as relative ease of application, adaptability to virtually any model or
vehicle surface, and resolution effectively limited only by that of the luminescence detector promise superior pressure mapping at greatly reduced cost.
Although the efficacy of dioxygen in quenching molecular luminescence has been
recognized since the seminal work of Kautsky and Hirsch6 over eighty years ago, it was
only in 1980 that Peterson and Fitzgerald demonstrated a technique for visualization of
surface flow based on quenching of the fluorescence from a commercial dye immobilized
2

on silica gel with a polyvinylpyrrolidone binder.7 Throughout the ensuing decade early
work on PSPs proceeded along two distinctly different lines: researchers at Russia’s
Central Aero-Hydrodynamic Institute developed luminophores such as -aminoanthraquinone8 and pioneered approaches based on luminescence lifetime intended to improve
accuracy,9 while Martin Gouterman and coworkers at the University of Washington in
collaboration with the Boeing Company and NASA’s Ames Research Center assessed
porphyrin luminophores such as the platinum(II) octaethylporphine that they applied to a
model airfoil and tested successfully in a wind tunnel.10 Coordination complexes of ruthenium(II), varying somewhat in structure but usually containing bidentate nitrogenous
ligands (2,2'-bipyridine, o-phenanthroline, etc.), emerged as prospective luminophores
during the late 1980s with a report that tris(4,7-diphenylphenanthroline)ruthenium(II)
perchlorate could be incorporated into the commercial silicone rubber RTV-118 to afford
a film that enabled quenchometric sensing of O2 gas.11 This distinct class of complexes
stood alongside metalloporphyrins at the forefront of PSP research throughout the 1990s
and set the stage for a veritable explosion in luminophore diversity by the year 2000.

1.2 Scope and Organization of the Present Work
Not surprisingly, with increasingly many institutions around the world embarking
upon PSP research and development, extensive reviews of the ever-expanding literature
on such paints and coatings have appeared previously. Most such compendia have been
decidedly engineering-oriented, focusing on practical considerations ranging from methods of physically applying PSPs to surfaces to their luminescent responses and durability
at high Mach numbers.12,13 Conversely, reviews of chemosensors for gases may mention
3

oxygen detection via luminescence quenching but do so only in the context of trace gas analysis and often address O2 merely as one of numerous unrelated analytes.14,15 By comparison, the first four chapters of this work together constitute a comprehensive study of
existing PSPs with an unabashedly chemical slant. The preparation and photophysics of
the luminophores themselves have been prioritized, with sufficient theoretical content set
forth in this introductory chapter to rationalize their design and the mechanisms by which
they interact with O2 as a quencher. Succeeding sections of the current chapter summarize the principal classes of PSP luminophores and the matrices utilized to support them.
Chapters 2 and 3 offer detailed surveys of the literature on metalloporphyrin- and
ruthenium-polypyridyl-based PSPs, respectively. Chapter 4 completes this review with
an examination of coatings whose pressure sensitivities originate in luminophores that fit
neither of the above descriptions. Numerous practical applications are considered but are
accorded secondary status so that virtually any luminophore sensitive to gaseous O2 can
be discussed, even if it has not been investigated as a PSP component per se. Chapters 5
and 6 are quite distinct, although both retain an overarching focus on oxygen sensing via
luminescence quenching. The former presents structural and photophysical data on zirconium phosphates and phosphonates as a prelude to the synopsis of synthetic efforts aimed
at a novel metalloporphyrin-pillared mixed zirconium phosphonate in Chapter 6.

1.3 Luminescence Quenching by Molecular Oxygen
1.3.1 The Ground and Lowest Excited States of O2
The inadequacy of Lewis’s electron-pair bonding theory in describing the properties of molecular oxygen is so well-known that O2 has become the definitive example un4

derscoring the utility of molecular orbital (MO) theory in general chemistry textbooks.16
Indeed, simple MO theory is remarkably successful in rationalizing the high dissociation
energy and the paramagnetism of O2 simultaneously. Interaction of the valence s and p
orbitals of one oxygen atom with the corresponding orbitals centered on the other atom
results in the formation of various  and  MOs, which differ fundamentally in that the
former exhibit increased electron density and the latter nodes along the internuclear axis.
In-phase overlap of equivalent atomic orbitals increases electron density between the
oxygen nuclei and hence gives rise to bonding MOs; atomic orbitals that are out of phase
interact to reduce internuclear electron density and create antibonding MOs,
conventionally denoted by asterisks. Populating the molecular orbitals of Figure 2 with

Figure 2. Simplified MO diagram for O2 in its ground state. (The two lower-lying 1s atomic
orbitals, which interact weakly if at all, have been omitted.) Though only qualitative, the diagram
does reflect the so-called antibonding effect in that antibonding MOs are depicted as being raised
in energy slightly more than the corresponding bonding MOs are lowered.
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the 12 valence electrons of O2 as dictated by the aufbau and Pauli principles and Hund’s
first rule, one obtains the ground-state electron configuration depicted therein and represented more concisely below. The double bond presumed to join the atoms in dioxygen
[He2]()2(*)2(z)2(x, y)4(x*, y*)2
follows readily: with eight valence electrons in bonding MOs and four in antibonding
MOs, the nominal bond order is ½(8 – 4) or 2. Furthermore, occupancy of each * MO
by a single electron such that the two unpaired electrons’ spins are parallel implies that
O2 should be paramagnetic despite its even number of electrons and the appearance in the
canonical Lewis structure of all electrons being paired. It also follows that the ground
state is a triplet state: the total spin quantum number S = ½ + ½ = 1 and hence the spin
multiplicity 2S + 1 is 3.
A more thorough examination of the quantum mechanics of this deceptively simple system is necessary, however, in order to discern additional information about dioxygen’s triplet ground state and to elucidate certain low-lying excited states relevant to
its behavior as a luminescence quencher. In order to proceed, it is beneficial to first recast the half-filled  MOs in forms more amenable to analysis. Although the chemist is
typically most familiar with x and y bonding and antibonding MOs formed by lateral
overlap of px and py atomic orbitals, respectively, it must be acknowledged that the x and
y directions implicit in these formulations are ambiguous when considering a free O2
molecule. The z-axis, with which the internuclear axis is conventionally (albeit arbitrarily) taken to coincide, is of course physically meaningful, but mutually perpendicular
x- and y-axes and orbitals become significant only when other species approach and begin to interact with the electron density of O2. In the absence of any such external means
6

by which complementary x and y spatial directions can be defined, the iso-energetic linear
combinations +* and –* defined below (where i is the imaginary unit) are more useful
than the x* and y* orbitals. The +* and –* MOs possess an added advantage of being



+* = x* + iy*
–* = x* – iy*

(1.1a)
(1.1b)

eigenfunctions of the angular-momentum operator L̂z with respective eigenvalues + 1 and
– 1. In fact, these are the MOs that arise naturally in solving the Schrödinger equation—
ordinarily they would be transformed into the x*and y* orbitals only after the fact for
the chemist’s benefit! In slightly more explicit form, +* and –* can be represented as
in Equations (1.2a) and (1.2b). Here F(r, z) is a function of the radial distance r from the
internuclear axis and the z-coordinate; its explicit form is unimportant in the present context. The complex exponential appended to F in each expression can be rationalized via


+* = F(r, z)·e +i
–* = F(r, z)·e –i

(1.2a)
(1.2b)

an argument due to Noggle17 by noting that a diatomic molecule’s electron density must
be symmetric about the internuclear axis and thus independent of the polar angle . With
electron density proportional to the product of a wavefunction and its complex conjugate
in general, it follows that any -dependent terms appearing in either (1.2a) or (1.2b) must
revert to unity when multiplied by the complex conjugate. In the case of the +* MO, for
example, π +*+* = [F(r, z)·e –i][F(r, z)·e +i] = [F(r, z)] 2.
With two electrons available to populate the two degenerate * MOs in O2, four
spatial product functions can be written that incorporate the +* and –* orbitals and satisfy the requirement of electron indistinguishability simultaneously: ( +*+*), (–*–*),

7

(+*–* + –*+*), and (+*–* – –*+*). There are also four acceptable two-electron
spin functions: (), (), ( + ), and ( – ). Because the Pauli principle mandates overall wavefunctions that are antisymmetric with respect to electron interchange,
the aforementioned spatial and spin functions can be combined in only six different ways:



1a = (+*–* – –*+*)()
1b = (+*–* – –*+*)()
1c = (+*–* – –*+*)( + )
2a = (+*+*)( – )
2b = (–*–*)( – )
3 = (+*–* + –*+*)( – )





Each of 1a-1c consists of an antisymmetric spatial function multiplied by a symmetric
spin function, whereas 2a, 2b, and 3 are products of symmetric spatial functions and
antisymmetric spin functions. Proceeding to derive the associated state symbols, 1a-1c
and 3 are found to describe  states in that each implies assignment of one electron apiece to each of the degenerate +* and –* orbitals and so the orbital angular momentum
quantum number  = (+ 1) + (– 1) = 0. 2a and 2b, on the other hand, must comprise a 
state as the former allocates both electrons to the +* orbital (so that  = + 2) and the
latter assigns both to –* ( = – 2). The sigma states are subdivided into a 3 state consisting of 1a-1c (on account of their triplet spin functions) and a 1 state comprised of
3 (as  –  is a singlet spin function). The delta state of 2a and 2b is necessarily 1
because assignment of both electrons to the same spatial orbital mandates opposed spins
so that S = 0.
Only two considerations remain in finalizing the state symbols generated thus far:
inversion symmetry and, for the two  states, mirror symmetry. The former is straightforwardly addressed by noting that the x* and y* MOs from which +* and –* were
8

constructed are both gerade—that is, symmetric with respect to inversion—and so the
+* and –* MOs are gerade as well. Assessment of orbital symmetry in a vertical mirror

plane may at first appear difficult in that infinitely many such planes can be envisioned
for the O2 molecule, but its cylindrical symmetry guarantees that the result for any one
such plane must apply equally to every other. Selecting, say, the (arbitrarily defined) xz
plane, one can proceed by employing (1.1) and (1.2) in conjunction with an Euler relation.

 x* = (2) – 1(+* + –*) = (2) – 1F(r, z)(e +i + e –i) = F(r, z)·cos
+* = x* + iy* 

–1
–1
+i
–i
–* = x* – iy* 
 y* = (2i) (+* – –*) = (2i) F(r, z)(e – e ) = F(r, z)·sin
The transformations x = r cos and y = r sin, both applicable when working in cylindrical
polar coordinates, enable the equivalent expressions below to be written for x* and y*.
x* = F(r, z)·(x/r)
y* = F(r, z)·(y/r)

Because reflection in the xz plane brings about only the coordinate transformation y  – y,
σ̂ v ( xz )[x*] = F(r, z)·(x/r) = x*
and σ̂ v ( xz )[y*] = F(r, z)·(– y/r) = – F(r, z)·(y/r) = – y*

where σ̂ v ( xz ) denotes the reflection operation. Applying σ̂ v ( xz ) to +* and –* shows that
σ̂ v ( xz )[+*] = σ̂ v ( xz )[x*] + iσ̂ v ( xz )[y*] = x* + i(– y*) = x* – iy* = –*
and σ̂ v ( xz )[–*] = σ̂ v ( xz )[x*] – iσ̂ v ( xz )[y*] = x* – i(– y*) = x* + iy* = +*.

Analogous application of σ̂ v ( xz ) to the spatial part of 1a-1c, which together comprise
the 3 state, reveals that σ̂ v ( xz )[+*–* – –*+*] = – (+*–* – –*+*). The complete
state symbol in this case is therefore 3g–, with the subscript denoting symmetry upon
inversion and the superscript antisymmetry under σ̂ v . For the spatial portion of 3, on the
other hand, σ̂ v ( xz )[+*–* + –*+*] = + (+*–* + –*+*) and so the 1 state is more
informatively represented as 1g+.
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What of the relative energies of these 3g–, 1g+, and 1g states? Invocation of
Hund’s first rule enables the 3g– state to be identified as the ground state by inspection
(on account of its higher spin multiplicity) in keeping with the prediction of simple MO
theory but provides no insights concerning the two singlet states. Fortunately, there exists an argument originally due to Hückel18 and elaborated by Kasha and Brabham19 for
sorting out all three states’ relative energies that is simple and yet semi-quantitative as
well. Returning first to the two-electron wavefunctions 1a-1c associated with the 3g–
state and recalling the functional forms of +* (1.2a) and –* (1.2b), it can be seen that
the -dependence originating in the spatial or orbital portion of each  is expressible as


ψ(3  g )  (ei1 e i2  e i1 ei2 )  [ei (1 2 )  e i (1 2 ) ]  sin(1  2 ).

(The  subscripts index the two electrons.) For the 1g state this procedure indicates that
ψ2a (1  g )  ei (1 2 ) and ψ 2b (1  g )  e i (1 2 )

and for the 1g+ state one obtains the proportionality below. The probability density for


ψ 3 (1  g )  cos(1  2 )

the two electrons is given by ψψ as usual so that the 3g– state exhibits a sine-squared dependence on the difference 1 – 2 in the electrons’ polar angles, which implies zero probability density when 1 = 2 and maximum probability density for a 90º angular difference. In qualitative terms, then, the two electrons in question tend to avoid one another
when O2 is in its 3g– state. In contrast, the cosine-squared dependence for the 1g+ state
mandates maximum probability density when 1 = 2—that is, when the electrons’ angular coordinates coincide. For the 1g state the situation is intermediate: the complex
modulus for each of 2a and 2b is unity, so the associated probability density is inde10

pendent of  and averaged over the entire molecule. Because the strength of the electrons’ mutual repulsion varies inversely with their separation distance, it now becomes
apparent that the three states obey the energetic ordering E(3g–) < E(1g) < E(1g+). Data
obtained spectroscopically are in complete agreement with this assertion; see Table 1.
Table 1. Selected properties of the ground and lowest excited electronic
states of dioxygen as reported by Herzberg20 for the isotopomer 16O2.

State
g–
1
g
1 +
g
3

Energy Relative to the Ground State Internuclear Distance
(Å)
(cm – 1)
(kJ mol – 1)
—
—
1.207 40
7 918.1
94.721
1.215 5
13 195.2
157.849
1.226 75

1.3.2 The Quenching Process: Luminophore Photophysics and the Role of O2
Figure 3 summarizes the fundamental photophysical processes relevant to an examination of PSP luminophores. The ground state of such a luminophore is almost invariably a singlet state, and so irradiation at a suitable wavelength excites the luminophore to
a higher-energy singlet state. Internal conversion, a spin-allowed non-emissive transition
from one singlet state to another, is then feasible after vibrational relaxation, but the most
interesting processes in the present context are those involving the first excited triplet
state, T1. Ordinarily T1 can only be populated via intersystem crossing, a spin-forbidden
transition mediated by spin-orbit coupling. Further relaxation to the ground vibrational
substate of T1 ensues, after which a second intersystem crossing can return the luminophore to S0 non-emissively. Phosphorescence also becomes a possibility, however, and
this characteristically long-lived emission is essential to PSP functionality.21
Triplet-to-singlet transitions, formally forbidden by the spin selection rule, are in
general very low-probability events—hence the long lifetime for phosphorescent emission. As shown in the preceding section, however, the ground state of dioxygen is also a
11
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Figure 3. Simplified Jablonski (energy-level) diagram for a generic luminophore Lp, redrawn from Liu and Sullivan.21 Photophysical processes of interest are indicated; vertical arrows signify absorptive or emissive transitions and undulating arrows represent nonemissive processes
such as internal conversion (IC) and intersystem crossing (ISC). Sn and Tn denote the nth excited singlet and triplet states; S0 is the ground state.
Vibrational relaxation of Lp after its elevation to an excited electronic state, though not depicted here, occurs readily.

triplet state: 3g–. Thus, if O2 interacts with a luminophore Lp while the latter is in its T1
state, an “encounter complex” that can be represented as 1[Lp(T1)-O2(3g–)] may form.
This ephemeral entity, a combination of two triplet-state species, is itself in a singlet
state. Dissociation of the complex and simultaneous relaxation of Lp can then occur as a
spin-allowed process as shown.22 The singlet oxygen produced may be either O2(1g+) or

Figure 4. Simplified representation of luminescence quenching by ground-state O2. The upper
pathway is accessible only if the energy of the luminophore’s lowest excited triplet state exceeds
that of its ground singlet state by at least 158 kJ mol – 1. Relaxation of any 1g+ oxygen to the 1g
state generally occurs non-radiatively; relaxation of 1g oxygen may proceed either radiatively (as
shown) or non-radiatively, the radiative transition giving rise to a fairly characteristic 1270-nm
emission that has figured prominently in at least one PSP platform (see §2.3).

O2(1g) depending on the initial energy of Lp(T1) relative to Lp(S0), though any 1g+ oxygen released will revert to the 1g state quite rapidly. The key point, however, is that this
alternative relaxation pathway precludes the luminophore from phosphorescing. In other
words, its luminescence is quenched in the presence of O2. Although fluorescence might
be expected to contribute to luminophore emission as well, such competing luminescence
can be eliminated by design. Spin-orbit coupling increases in strength with increasing
nuclear charge,23 and so “heavy atoms” (most often metals of the second and third transition series) are integrated into PSP luminophores to facilitate ISC. The population of S1
is thereby depleted to such an extent that fluorescent emission dwindles to insignificance.
To place the foregoing discussion on a somewhat more quantitative foundation,
rudimentary kinetic arguments can be applied to the transitions diagrammed in Figure 3.
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Treating each transition as an elementary process and denoting the electronically excited
luminophore as Lp*, Equation (1.3) can be written in the absence of a quencher. Here and

d [Lp*]
 I a  k r [Lp*]  k nr [Lp*]
dt

(1.3)

in the equations that follow, Ia is the intensity of the excitation radiation absorbed, kr is
the sum of the rate constants for all radiative (or, equivalently, emissive) transitions, and
knr is the sum of the rate constants for all non-radiative processes. Invoking the assumption of a steady state with reference to Lp*, d[Lp*]/dt = 0 and hence (1.3) reduces to (1.4).
Ia = (kr + knr)[Lp*]

(1.4)

On the other hand, in the presence of the quencher O2, the succeeding relationships hold.

d[Lp*]
 I a  k r [Lp*]  k nr [Lp*]  k q [O 2 ][Lp*]
dt

(1.5)

Ia = (kr + knr + kq[O2])[Lp*]

(1.6)

The new constant appearing in (1.5) and (1.6), kq, is the bimolecular quenching rate constant. Proceeding to define the luminescence quantum yield  in the customary fashion,
k [Lp*]
  luminescen ce rate  r
excitation rate
Ia

with the latter equality following from the notation employed herein so that the quantum
yields in the absence and presence of dioxygen are given by (1.7) and (1.8), respectively.
k r [Lp*]
I 0 k r [Lp*]
kr



Ia
Ia
(k r  k nr )[Lp*] k r  k nr

(1.7)

I O2 k r [Lp*]
k r [Lp*]
kr



Ia
Ia
(k r  k nr  k q [O 2 ])[Lp*] k r  k nr  k q [O 2 ]

(1.8)

0 

 O2 

Dividing (1.7) by (1.8), one obtains a preliminary form of the Stern-Volmer equation.24
kq
0
I
 0  1
[O 2 ]
 O2 I O2
k r  k nr
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(1.9)

This is usually reformulated in either of two equivalent ways:

I0
 1  k q 0 [O 2 ]  1  K SV [O 2 ].
I O2

(1.10)

In the penultimate expression immediately above, 0  (kr + knr) – 1 is the luminescence lifetime in the absence of the quencher. Researchers occasionally state 0 and kq separately,
but it is standard practice to report only the Stern-Volmer constant KSV  kq0 for a given
combination of luminophore and supporting matrix as an indicator of oxygen sensitivity.
By analogy to the definition of the natural lifetime 0, the luminescence lifetime in
the presence of oxygen is expressible as  = (kr + knr + kq[O2]) – 1. Taking the ratio of these
lifetimes yields 0/ = 1 + kq0[O2], precisely the expression derived in terms of the associated luminescence intensities on the previous page. Equation (1.11) is therefore equally

0
 1  K SV [O 2 ]


(1.11)

valid as a statement of the simple or classic Stern-Volmer equation. Although intensitybased methods have long dominated PSP research, the increased availability of CCD cameras and related instrumentation suitable for determination of luminescence lifetimes has
rendered the latter approach more attractive in recent years. Whereas emission intensities
are subject to variations induced by the nonuniform thicknesses and luminophore concentrations of many PSP coatings, lifetime-based measurements suffer no such deleterious
effects and are also immune from errors due to the scattering of excitation light.25 Several
examples of the latter methodology will be referenced in the chapters that follow.
1.3.3 Extensions and Modifications of the Stern-Volmer Equation
The Stern-Volmer equation, henceforth written as I0/I = 1 + KSV[O2] with the “O2”
subscript of (1.10) omitted, is central to most discussions of luminescence quenching by
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oxygen. Any system for which a plot of I0/I versus [O2] assumes the form of a straight
line with a y-intercept of unity is said to display strictly linear Stern-Volmer behavior, a
desirable characteristic for any PSP given the implied ease of calibration. In applying
this equation to the quenching of PSP luminescence by oxygen gas, however, it must be
borne in mind that the concentration term describes the O2 molarity within the PSP film
rather than its concentration or partial pressure in the gas phase. Henry’s law in the form
of (1.12) is usually assumed to apply to the dissolution of oxygen in the PSP binder;26 pO 2

[O 2 ]  S O2 pO2

(1.12)

denotes the O2 partial pressure above the PSP and S O2 is a matrix-specific proportionality
constant describing its solubility. Because gaseous standards of known O2 partial pressure
(or volume percent) are almost always employed to calibrate PSP-based oxygen sensors
with little if any effort being directed toward quantifying the concentration of O 2 inside
the sensor coating, the Stern-Volmer equation can be recast in the more appropriate form

I0
 1  (k q 0 S O2 ) pO2 .
I

(1.13)

Physicochemical theory also enables elaboration of the quenching constant kq. It is selfevident that, in order for an oxygen molecule to quench an electronically excited luminophore, the two species must collide. This collision process is diffusion-controlled so that
kq  kd, the bimolecular diffusional rate constant. Inserting the implied proportionality
constant, this becomes kq = kd with  denoting the quenching efficiency—that is, the
fraction of Lp*-O2 collisions resulting in luminescence quenching.27 Relation of kq to kd
is significant because the latter can be expressed in terms of fundamental molecular properties by means of the Smoluchowski28 equation, (1.14). The collision radius r  rLp  rO2 ,
16

kd 

4πN A rD
10 3

(1.14)

essentially the sum of the two species’ molecular radii, is on the order of 1 nm.29 Strictly
speaking, D denotes the sum of the diffusion coefficients of Lp and O2 in the binder.
With the oxygen molecule electrically neutral and far smaller than most luminophores,
however, its diffusion coefficient DO 2 so greatly exceeds the luminophore’s that one can
apply the approximation DLp  DO2  DO2 . NA is Avogadro’s number, the factor of NA/10 3
simply ensuring dimensional consistency: r can be stated in cm and diffusion coefficients
are most commonly reported in cm 2 s – 1 so that multiplication by 6.022  10 23 mol – 1 and
division by 10 3 cm 3 L– 1 are necessary on the right with kd expressed in L mol – 1 s – 1 on the
left. Taking D  DO2 and making the necessary substitutions, (1.13) is transformed into

 4πN AαrDO2 0 S O2 
I0
1 
 pO2 .
I
103



(1.15)

The product DO2 S O2 appearing in the numerator of (1.15) suggests one final modification
of the Stern-Volmer equation. By definition, the product of these two parameters is the
oxygen permeability PO2 in the matrix under consideration. Equation (1.16) thus becomes

 4πN AαrPO2 0 
I0
1 
 pO 2 ,
I
103



(1.16)

the final form of the classic Stern-Volmer equation to be considered here.
Most researchers simply treat the Stern-Volmer equation as a calibration function
in their studies of assorted PSP platforms, applying either (1.10) or its lifetime analogue
(1.11) as appropriate and reporting the parameters that describe their lines of best fit.
With all of the parenthesized quantities in Equation (1.16) thus incorporated into a single
KSV value that is equated to the slope of the best-fit line, the utility of this latter equation
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and its derivation might justifiably be questioned at this point. The value of (1.16) lies
primarily in its revelation of the various factors that affect pressure sensitivity, among
which 0 and PO2 are unquestionably the most important. The significance of the natural
luminescence lifetime was apparent even in the original formulation of the Stern-Volmer
equation: with KSV = kq0, an increase in 0 necessarily increases sensitivity to O2 and
hence to pressure. However, the comparable dependence of KSV on oxygen permeability
is only evident upon inspection of (1.16). PO2 may prove no less instrumental than 0 in
dictating a PSP’s ultimate sensitivity to pressure.
Because the natural lifetime of the luminescent emission is essentially a property
of the luminophore alone, 0 is effectively fixed once the luminophore has been selected.
The range of accessible 0 values spans several orders of magnitude, extending from a few
nanoseconds to a millisecond or so, and the choice of luminophore is therefore critical as
a first step in establishing the sensitivity of the PSP ultimately prepared. That said, the
matrix property PO2 also exerts a deterministic effect. Oxygen permeabilities likewise
span a tremendous range of values (see §1.5) so that even an exceptionally responsive luminophore’s sensitivity can be enhanced or attenuated many-fold per the requirements of
a given application.30
1.3.4 Nonlinear Stern-Volmer Behavior
Regardless of the mathematical form in which the classic Stern-Volmer equation
is considered, certain assumptions underlie its application to the study and especially the
calibration of any PSP. First, all luminophores are assumed to be structurally identical
and to emit from identical sites or microenvironments within the paint binder. A related
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requirement follows immediately: all luminophores must be equally accessible to O2.31
Unfortunately, although the ideal of linear Stern-Volmer response is very nearly realized
in a number of known PSP systems, it is quite common for the preceding assumptions to
break down. In the event that microheterogeneity of the luminophore’s matrix precludes
the strictly linear behavior predicted by Equation (1.10), an alternative two-component
model is often employed for calibration. Its principal equation is stated as (1.17) below.

f1
f2

I0 



I 1  K SV1[O 2 ] 1  K SV2 [O 2 ] 

1

(1.17)

Here f1 and f2 are the fractional contributions to the total (unquenched) luminescence by
groups of luminophores that are differentially emissive because they occupy distinct sites.
Component-specific constants KSV1 and KSV2 may then be quoted as such or incorporated
into an “effective” Stern-Volmer constant K 'SV defined as stated below. Equation (1.17) is
K 'SV  f1KSV1 + f2KSV2

(1.18)

thus a three-parameter fitting function: KSV1, KSV2, and f1 are independently variable and
f2 is then fixed by the value assigned to f1 because these weighting factors sum to unity. A
1991 paper by Carraway, Demas, DeGraff, and Bacon32 is most often cited as the source
of Equation (1.17)—indeed, authors frequently term (1.17) the Demas equation—but the
form and derivation of a similar model were reported at least 20 years earlier by Lehrer33
in the context of iodide-quenched protein fluorescence. Equation (1.19), a modification
of (1.17) applicable when one of the two groups of differently situated luminophores is
totally inaccessible to O2 (so that KSV2 = 0), is in fact known as the Lehrer equation.

f1

I0 

 f2 
I 1  K SV1[O 2 ]
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1

(1.19)

Given that nonlinear plots of I0/I vs. [O2] are the rule rather than the exception in
dealing with PSPs, the number of publications devoted to an explication of this phenomenon is surprisingly small. Most researchers in the field find (1.17) or occasionally (1.19)
necessary to achieve satisfactory fits of their calibration data and accordingly report such
quantities as KSV1, KSV2, and f1, but the physical interpretation of these parameters remains a matter of debate. Are they physically significant, or do they merely constitute
statistical “fudge factors” that provide good fits but little insight? Even targeted studies
are somewhat contradictory. For example, Chowdhury and colleagues34 utilized fluorescence microscopy to investigate a metalloporphyrin-based coating at the micrometer
scale. Immobilization of the luminophores in polystyrene (PS) afforded visually uniform
sensing films that were revealed to be decidedly heterogeneous upon microscopic examination, with intensely luminescent regions apparent amidst a less emissive background.
Overall film responses to changing [O2] were nonlinear, but individually the bright and
background areas displayed linear Stern-Volmer plots that gave rise to distinctly different
KSV values. Thus, for these systems, derivation of two different Stern-Volmer constants
and association of each with luminophores in one of two different regions of the coating
appear to be physically relevant. Furthermore, these authors’ identification of intensely
emissive areas as sites of luminophore aggregation and microcrystal formation as well as
their finding that such regions are less sensitive to O2 than the dimmer background echo
prior results.35 Bedlek-Anslow et al.36 established precisely the opposite behavior in their
study of polydimethylsiloxane (PDMS) doped with polypyridyl complexes of ruthenium,
however. Regions of luminophore aggregation were least emissive due to self-quenching
in this latter case; the largest Stern-Volmer constants and hence the highest sensitivities to
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O2 characterized a background area that was more intensely luminescent despite its lower
luminophore concentration.
The extent of luminophore aggregation and, indeed, the likelihood of such aggregation occurring in the first place are of course strongly dependent on the concentration
of the luminophore. Given the significance of this parameter, it is decidedly unfortunate
that many researchers do not report the concentrations of their chosen emitters in sensing
films and coatings. Luminophore concentrations in the precursor mixtures from which
such sensing phases are fabricated usually are known, but the reduction in volume that
accompanies preparation of a typical finished film ensures that such a preliminary value
constitutes at best only a lower limit for the concentration of the emissive species in the
sensor actually deployed. In qualitative terms, however, the effective increase in luminophore concentration accompanying fabrication of most such films renders the suggestion
that luminophore aggregation contributes to microheterogeneity (and hence to a nonlinear
Stern-Volmer response) plausible. To be sure, solubility properties of the luminophore in
question are equally relevant in this context; thus far it has been assumed implicitly that
the luminophore is insufficiently soluble in its associated matrix to form a true solution,
as is quite frequently the case. The selected matrix may also influence luminophore distribution in other, more specific ways. Materials that bind luminophores within surfaceaccessible pores or channels, for instance, can effectively concentrate the emitters in these
voids and thereby facilitate their aggregation. The question of luminophore aggregation
is thus distinctly multifaceted and is but one of many bearing upon sensor heterogeneity.
Additional examples of such ambiguity abound in the chemical literature. As early as the mid-1990s, for instance, Draxler and coworkers37 asserted that pre-exponential
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weighting factors obtained during their fitting of calibration data for ruthenium complexes in assorted polymer matrices with a lifetime-based alternative to Equation (1.17)
could not be described via “any reasonable physical model.” At times contradictory results have even emerged in the course of a single study. A 1993 report on a series of
structurally related octahedral complexes of rhenium(I) immobilized in the commercial
silicone rubber RTV 118 furnishes a case in point.38 The authors of this study attempted
to correlate luminophore bulkiness and the distribution of pore sizes in the silicone matrix
with the parameters of (1.17). In essence, they hypothesized that only a small percentage
of pores in which luminophores might be entrapped would be large enough to contain the
bulkiest complexes investigated. Because luminophores too bulky to fit entirely within
their host pores would be more exposed and hence more susceptible to quenching by O2,
the authors reasoned, the fraction of O2-accessible complexes giving rise to the larger of
the two KSV values should increase with increasing luminophore size. While such a trend
was indeed apparent in general, the authors were forced to acknowledge a conspicuous
outlier: the fraction of easily quenched luminophores was larger for a complex containing
the 4,7-diphenylphenanthroline ligand than for one featuring the 4,7-dimethyl analogue.

1.4 Principal Classes of Luminophores Suitable for Use in Pressure-Sensitive Paint
1.4.1 Polycyclic Aromatic Hydrocarbons (PAHs)
PAHs, particularly pyrene, figured prominently throughout the early years of PSP
research and development. Their moderately long excited-state lifetimes (0 ~ 40-300 ns)
and negligible polarity, the latter property ensuring these luminophores’ high solubilities
in the silicone binders favored by most researchers, constituted noteworthy advantages.39
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Unfortunately, such compounds also exhibit a major liability: they are highly susceptible
to photodecomposition, a drawback exacerbated by their requirement of UV (as opposed
to visible) illumination for electronic excitation and often compounded by volatility and
resultant evaporation from PSP coatings to the detriment of long-term paint stability. As
a result, while PSPs that incorporate pyrene and certain of its derivatives continue to be
developed and tested in aerodynamic applications, the associated body of literature cannot
compare to that describing films based upon metalloporphyrin or ruthenium polypyridyl
luminophores.
Illustrative examples of developments in PAH-based PSPs within the last ten years
or so include synthesis of the n-decyl ester of 4-(1-pyrenyl)butanoic acid and its incorporation into silicone oxygen-sensing films by Basu and colleagues.40 This luminophoric
pyrene derivative was selected for investigation largely on the basis of an earlier report
that the free acid was far less mobile in silicone matrices than pyrene itself and hence less
prone to diffusing out of sensor films after casting.41 Coatings containing the esterified
compound did prove to be more thermally stable as expected and also possessed longer
shelf lives. On the other hand, they were even less photostable than their pyrene-doped
competitors; photo-induced diminution of luminescence intensity amounted to 18% per
hour of illumination. Subsequent efforts directed toward curtailing evaporative escape of
luminophores involved covalent attachment of 4-(1-pyrenyl)butyl moieties to a PDMS
binder, the sensing films thus obtained displaying impressive mechanical durability in
preliminary wind-tunnel tests.42 Bolstering luminophore retention has not been the object
of all recent research, however. In 2012, Kameya et al.43 simply adsorbed pyrenesulfonic
acid onto commercial silica-gel TLC plates, affixed the plates to compact disks, and used
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their sensors to map time-averaged pressure distributions across the surface of each disk
while it rotated at 10 000 to 20 000 rpm inside a modified desktop-computer hard drive.
It is hoped that such examples, though only a small sampling of those reported to
date, will serve to indicate the potential of pyrene-based PSPs as well as the extent to
which practical disadvantages temper such potential. In any case, films and coatings that
depend upon PAHs for their pressure sensitivities will not be considered further.
1.4.2 Metalloporphyrins
Porphyrin complexes of platinum(II), and to a much lesser extent palladium(II),
comprise one of the largest classes of PSP luminophores. Square-planar coordination is
characteristic of both d 8 ions, each of which is complexed very strongly by the doubly
deprotonated porphyrinoid macrocycle. (Figure 5 depicts the structure of porphine, formally the parent of all such tetradentate macrocycles.) Several of the chelate complexes

Figure 5. (a) The porphine molecule, labeled according to Hans Fischer’s traditional scheme.44

Note the absence of labels for the  positions of the pyrrole residues and for the nitrogen atoms as
well. The four methine positions, designated by lowercase Greek letters, are collectively termed
the meso-positions. (b) The IUPAC-recommended porphyrin numbering scheme.45 This is the
system of numeration that has been employed throughout the present work.

thus obtained are intensely phosphorescent at room temperature with associated quantum
yields above 0.1, the corresponding lifetimes exceeding 10 s and approaching 1 ms for
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Pd(II) porphyrins specifically.39 Other attractive features common to metalloporphyrins
in use as PSP luminophores include strong absorption bands between roughly 475 and
600 nm that enable visible-light excitation (often via LED illumination), the nearly total
absence of competitive fluorescence, and large Stokes shifts on the order of 100 nm. 46
This last asset simplifies instrumentation-related requirements by facilitating optical separation of the oxygen-sensitive luminescence from stray excitation light.
Though photodegradation is less a concern for metalloporphyrins than for pyrenebased luminophores, its deleterious effects cannot be discounted altogether. The issue is
not so much photoionization or photo-induced bond scission as such; rather, electron-rich
polyalkylated metalloporphyrins such as the platinum complex of the octaethylporphine
dianion are particularly vulnerable to oxidation when illuminated in the presence of O2.
However, great strides have been made in enhancing PSP photostability by utilizing complexes that bear electron-withdrawing substituents.

5,10,15,20-Tetrakis(pentafluoro-

phenyl)porphinatoplatinum(II) is unquestionably the best known such complex and has
become one of the most widely applied of all metalloporphyrin luminophores, as will be
discussed more thoroughly in Chapter 2.
1.4.3 Ruthenium Polypyridyl Complexes
As noted briefly in §1.1, dipositive ruthenium forms stable chelate complexes with
various heterocyclic nitrogenous ligands such as 2,2'-bipyridine, o-phenanthroline, and
myriad substituted derivatives. Most of the resulting complexes absorb quite strongly in
the blue-green region, the prototypical tris(2,2'-bipyridine)ruthenium(II) ion possessing a
molar absorptivity  = 1.58  10 7 mol – 1 cm 2 at 453 nm in aqueous media.47 These species
luminesce intensely, emitting over the approximate wavelength range 550-800 nm with
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quantum yields up to 0.4 or so and typical Stokes shifts of 150 nm or more; many compare favorably with their metalloporphyrin competitors in terms of photostability, too.39
These advantages must be weighed against such complexes’ excited-state lifetimes,
which are on the order of 0.1-10 s—considerable and yet far shorter than those of most
Pt(II) and Pd(II) porphyrins. Recalling from Equation (1.10) that the Stern-Volmer constant KSV  kq0 is a measure of PSP sensitivity to O2, the potential disadvantage inherent
in a lower value of the natural lifetime 0 is clear.

Figure 6. (a) Chemical structure of 2,2'-bipyridine, abbreviated bpy. (b) Chemical structure of
1,10-phenanthroline, traditionally known as ortho-phenanthroline and abbreviated phen. The
standard scheme of position numbering is also shown. (Points of ring fusion are not numbered.)

Two of the simplest and most popular ligands integrated into ruthenium-centered
luminophores are shown in Figure 6. The 4,7-diphenyl derivative of 1,10-phenanthroline
is still more ubiquitous. The additional aromatic rings result in more extensive electronic
conjugation, red-shifting this ligand’s spectral features and thus accounting for its trivial
moniker “bathophenanthroline.” All three of these ligands will be encountered with great
frequency in Chapter 3, as will a number of more extensively derivatized variants.
1.4.4 Other Luminophores
Despite the preponderance of Pt(II) and Ru(II) as the metal centers of O2-sensitive
luminophores, complexes of many other metals have been reported for potential use with
PSPs as well. Copper, molybdenum, rhenium, osmium, iridium, gold, the lanthanides
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europium, gadolinium, and terbium, even lead in the p-block—all give rise to complexes
displaying luminescence that is susceptible to quenching by O2. Though far less extensive than that associated with either of the preceding luminophore classes, the literature
describing iridium-based luminophores nonetheless exceeds that of any of these other
metals in scope. All will be treated in Chapter 4, however, as will non-porphyrinoid
luminophoric complexes of dipositive platinum.

1.5 A Brief Survey of Luminophore Matrices
Aside from immobilizing luminophores effectively and affording them a measure
of protection from the external environment, an ideal PSP binder should exhibit several
additional properties. These include a reasonably high permeability to O2, transparency
across the spectral range that encompasses the excitation and emission wavelengths of the
selected luminophore, adequate mechanical strength, and thermal stability. Excepting the
rather small number of binders designed to enable covalent attachment of luminophores,
chemical inertness is also a desirable feature. Finally, though often of little consequence
in a laboratory setting, low cost and manufacturing reproducibility are essential when
contemplating larger-scale applications of any PSP.39,48
No single matrix fulfills all of the aforementioned requirements simultaneously,
of course, but numerous polymers and assorted heteropolycondensates of silicic acid (solgels, specialized mesoporous silicas, and ordinary silica gel all included among the latter)
have proven useful as luminophore supports in a variety of oxygen- and pressure-sensing
platforms. The subsections that follow delineate general characteristics of each of these
two major types of binders.
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1.5.1 Organic Polymers and Silicone Rubbers
Homopolymers and copolymers have found extensive application as PSP binders.
Most such materials are optically transparent, mechanically stable, easily handled, and
readily formed into thin coatings or films. Silicone rubbers in particular tend to adhere
quite strongly to glass substrates as well, rendering them especially useful for oxygen and
pressure sensors based on optical fibers. Because the polymers usually selected as paint
binders are slightly to negligibly polar, however, they make poor solvents for highly polar
or ionic luminophores such as the vast majority of the ruthenium polypyridyl complexes
available. Chemical stability and hence propensity to react with bound luminophores are
variable, silicone rubbers often proving to be superior to other polymers in this respect,
but commercially available silicone pre-polymers are also more likely to contain additives
such as fillers and plasticizers that can affect matrix and ultimately sensor performance.39
The compositional and structural diversity of polymers is well known, and so it is
hardly surprising that such properties as permeability to oxygen vary greatly from one
polymeric matrix to another. Table 2 compares the prototypical silicone rubber PDMS
with several of the linear organic polymers most frequently employed as PSP binders.
The exceptionally high permeability of the former to oxygen is immediately apparent, as
is the enormous range of PO2 values spanned by even this small selection of matrices.
The glass transition temperature, Tg, is also listed for each tabulated polymer because this
parameter exerts a marked influence on mechanical properties. Above its Tg, an appreciably crystalline polymer becomes sufficiently flexible that it can be shaped and molded
while an amorphous polymer becomes rubbery.49 In either case, PSP performance is usually compromised because the sensor coating becomes less resistant to deformation by
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applied aerodynamic loads and other stresses. The very low glass transition temperature
of PDMS—far below room temperature—is thus a disadvantage that must be set against
Table 2. Selected properties of homopolymers commonly employed as
luminophore matrices in pressure-sensitive paints.

Name and
Abbreviation
polyacrylonitrile
(PAN)
polydimethylsiloxane
(PDMS)
poly(methyl methacrylate)
(PMMA)
polystyrene
(PS)
poly(vinyl acetate)
(PVAc)
poly(vinyl chloride)
(PVC)
a

Oxygen
Glass Transition
Permeability,
PO2
Temperature, Tg
a
3
–
2
–
1
(K)
(cm cm cm s Pa – 1)b
370

0.000 15  10 – 13 (298 K)

148

695  10 – 13 (308 K)

378

0.0653  10 – 13 (308 K)

373

1.9  10 – 13 (298 K)

305

0.367  10 – 13 (303 K)

354

0.034  10 – 13 (298 K)

Ref. 50
Ref. 51. The parenthesized temperature is that at which the stated permeability applies.

b

this matrix’s outstanding oxygen permeability. Tackiness is also a common problem with
silicone-based films even after extensive drying to ensure complete evaporation of any
casting solvents.
1.5.2 Silica-Based Supports
Most numerous among these binders are the sol-gels, prepared via hydrolysis and
condensation polymerization of a silicon alkoxide such as tetramethoxysilane (TMOS) or
tetraethoxysilane (TEOS) in an alcoholic precursor solution that also contains some water
and a catalytic amount of either acid or base.52 At the outset, localized hydrolysis and
condensation result in a sol, a colloidal dispersion of particles in the alcoholic medium.
Deposition of the incipient film onto the chosen substrate is usually executed during this
early (pre-gelation) stage after which further condensation gradually cements the colloidal
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particles into a semi-rigid network, the gel. Heat treatment, usually mild, at last affords
the corresponding xerogel; care must be taken to maintain the temperature below about
100 ºC so as to avoid excessive densification and ensure that the gel remains sufficiently
porous to enable O2 penetration. The choice of catalyst also affects porosity, as does the
R value—that is, the mole ratio of water to organosilicon precursor.
Luminophore incorporation is quite straightforward when dealing with sol-gels, as
a solution of the desired complex in a suitable organic solvent can simply be pipetted into
the initial mixture of matrix precursors. Other advantages of such media include optical
transparencies in the blue, violet, and near UV higher than those of most polymers, 53
chemical inertness and photochemical stability that are likewise superior to those of many
polymers, and relatively low cost.39 Although the long-term viability of sol-gel sensor
coatings in storage has been questioned, Tao and coworkers54 documented stability over a
period exceeding two years for organically modified silicate (ORMOSIL) films. These
are prepared by replacing the initial tetraalkoxysilane with an alkyltrialkoxysilane, the
resulting materials usually displaying greater porosities and hence higher O 2 sensitivities.
Furthermore, while TMOS- and TEOS-based films are prone to cracks and other surface
heterogeneities,31 ORMOSILs are largely immune from such deterioration.
The closely related mesoporous silicas were discovered in 1992.55,56 These materials, whose preparations parallel those of traditional sol-gels up to a point but also
necessitate the inclusion of a bulky surfactant such as cetyltrimethylammonium bromide,
realize most of the same advantages with the added benefit of increased structural order.57
Not only are pore sizes fairly controllable, but pore morphologies are more structured and
ultimately more tailorable to specific applications than in the case of simple sol-gels. In
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fact, long-range order is sufficient to render X-ray diffraction a useful probe of the structures of mesoporous silica coatings. Santa Barbara Amorphous 15 (SBA-15), for instance, is one of the most widely utilized mesoporous silicas and displays characteristic
reflections indicative of a hexagonal mesostructure in its small-angle X-ray diffraction
(SAXRD) pattern. SAXRD can also reveal slight changes in SBA-15 film structure upon
luminophore incorporation.
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CHAPTER 2: METALLOPORPHYRIN LUMINOPHORES
2.1 Preparation
Despite the vast array of oxygen-sensitive films and coatings reported to date that
contain luminophoric metalloporphyrins, the number of such luminophores in widespread
use is rather small. The platinum(II) complexes of octaethylporphine (2.1a = PtOEP) and
especially tetrakis(pentafluorophenyl)porphine (2.3a = PtTFPP) are the two most prominent such luminophores, the greater stability of the latter against photo-induced oxidation
accounting for much of its popularity as discussed in §1.4. The structurally analogous tet-

raphenyl complexes 2.2a and 2.2b have also been investigated as luminophores, albeit
less extensively. In general, preparation of any one of these metalloporphyrins involves
32

synthesis of the parent porphyrin followed by metalation to obtain the active luminophore.
The symmetric substitution patterns of H2OEP, H2TPP, and H2TFPP enable their syntheses from monopyrrole precursors, but the manipulations involved can be considerable.
H2TPP was the first of these porphyrins for which a reasonably straightforward
synthetic protocol was devised. Building upon a previous communication58 in which he
had reported porphine itself and its tetramethylated derivative to be obtainable via heating
of pyrrole and either formaldehyde or acetaldehyde in methanol, in 1936 Rothemund 59
extended this methodology to the synthesis of H2TPP by employing benzaldehyde as the
aldehydic starting material. Pyridine was also introduced into the reaction solution, which
was heated under nitrogen in a sealed tube. Initially yields were quite low, on the order
of 5%, but optimization ensued over the next several years. Replacement of methanol as
the reaction solvent by pyridine, for instance, enabled Rothemund and Menotti60 to obtain
lustrous blue-violet needles of H2TPP in yields approaching 10%. Concomitant formation
of the corresponding chlorin (the 17,18-dihydro analogue of H2TPP), which comprised
roughly 5% of the product isolated in many of these early syntheses, caused considerable
confusion. Rothemund tentatively identified this contaminant as an isomeric porphyrin;61
it was not until 1946 that Ball et al.62 established its true nature conclusively. In the process, the latter also demonstrated that the yield of H2TPP could be increased somewhat by
adding zinc acetate to the initial reaction mixture and then demetalating the ZnTPP thus
obtained with 6 M HCl. More dramatic improvement awaited the work of Adler, Longo,
and Shergalis63 nearly two decades later, which culminated in reported H2TPP yields of
up to 40% via reaction of pyrrole and benzaldehyde in salt-free acetic acid. However, in
light of the difficulty of purifying the product, an alternative approach in which propionic
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acid supplanted acetic acid soon came to be preferred despite maximum attainable yields
of only 20% or so.64 Finally, in 1973 Barnett and colleagues65 showed that a mixture of
H2TPP and the aforementioned chlorin contaminant could be treated with 2,3-dichloro5,6-dicyanobenzoquinone (DDQ) to oxidize the chlorin to the porphyrin. Because H2TPP
itself was unaffected and the final chromatographic purification was highly efficient, the
overall yield of the desired compound was thereby increased. Incidentally, H2TFPP had
been synthesized for the first time just a few years earlier from pyrrole and C6F5CHO.66
Its preparation thus paralleled that of H2TPP from pyrrole and benzaldehyde, though liberating the H2TFPP from an accompanying chlorin impurity was problematic. Spellane
and coworkers67 devised a superior workup involving conversion of the impure porphyrin
to its zinc complex, straightforward chromatographic purification of the latter, dropwise
introduction of 1:1 CF3COOH:CHCl3 to give H4TFPP2+, and finally repeated washes with
concentrated aqueous ammonia and then with water to regenerate H2TFPP.
Early syntheses of H2OEP involved condensation of a suitably derivatized pyrrole
to form the macrocycle directly so that no distinct aldehyde was required. Preparative
difficulties originated not so much in the condensation reaction itself but rather in synthesizing the necessary pyrroles.68 A 1957 publication, for example, describes the successive
preparations of at least five such precursors en route to octaethylchlorin, which was then
oxidized with DDQ to yield H2OEP.69 Whitlock and Hanauer70 streamlined this methodology somewhat by combining certain steps to reduce the number of precursors requiring
purification and also by demonstrating that H2OEP was obtainable from the Mannich base
3,4-diethyl-2-dimethylaminomethylpyrrole directly via simple refluxing in aerated acetic
acid—evidently its prior conversion to the chlorin was avoidable. The modified protocol
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boosted the overall yield of H2OEP approximately threefold as well. Further optimization
ensued,71 but in 1977 Cheng and LeGoff72 succeeded in preparing H2OEP in some of the
highest yields yet achieved by pursuing a decidedly different approach. They condensed
3,4-diethylpyrrole with excess formaldehyde and HBr in refluxing ethanol, after which
exposure of the product mixture to air for a period ranging from days to weeks enabled
the eventual isolation of H2OEP. The yield of this process, formally analogous to those
considered in connection with H2TPP and H2TFPP, was 65%. An alternative detailed in
the same paper involved comparable conversion of 3-acetyl-4-ethylpyrrole to tetraacetyltetraethylporphine. The latter, obtained as a mixture of isomers not requiring separation,
was then subjected to B2H6 reduction in tetrahydrofuran (THF). The final step proceeded
in 97% yield for a net yield of 55% from commercially available starting materials.
Syntheses of two additional porphyrins will be examined briefly as platinum and
palladium complexes of each have appeared in a handful of PSP publications. The first,
octaethylporphine-ketone (H2OEPK), was reported to be capable of oxygen sensing as its
platinum complex 2.4a immobilized in PS as early as 1995.73 Throughout the late 1990s
and early 2000s, additional publications expanded upon Papkovsky’s initial findings and
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extended the study of such luminophores to the palladium analogue 2.4b.74-77 However,
in none of these papers did the authors describe preparation of the H2OEPK parent itself.
A lone reference suggested the original synthetic scheme to have been that of Chang and
Sotiriou,78 who had developed a suitable methodology in the course of assessing various
macrocycle substituents’ migratory aptitudes. Their process involved adding an ethereal
OsO4 solution to H2OEP in CH2Cl2 containing a trace of pyridine. The resulting roomtemperature mixture was stirred for 20 h, after which the solvents were evaporated and
the residue dissolved in 10:3 MeOH:CH2Cl2. H2S was bubbled through the solution to
reductively decompose the cyclic osmate ester; filtration, concentration of the filtrate, and
its subjection to silica-gel column chromatography then afforded the chlorin precursor. A
pinacol-like rearrangement was finally induced by treating the chlorin in CH2Cl2 with a

Scheme 1. Original route to H2OEPK reported by Chang and Sotiriou.78 Modifications made by
Papkovsky and Ponomarev79 included elimination of H2S and replacement of the 70% HClO4 with
concentrated H2SO4.

few drops of 70% HClO4 to obtain H2OEPK. Assuming this sequence of steps to have
been the original route to the porphyrin-ketone, however, a patent awarded to Papkovsky
and Ponomarev79 in 1998 reveals that some modifications were made during the course
of PSP-oriented research. The overall process of dihydroxylating H2OEP with OsO4, isolating the chlorin cis-diol, and effecting its rearrangement via treatment with strong acid
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was retained, but alterations in reaction conditions enabled omission of the H2S reduction
and resulted in a final yield from the H2OEP starting material of approximately 36%.
The fifth and final macrocycle whose preparation is described here, H2TFPL, is
the free-base parent of luminophores 2.5a and 2.5b. Initially produced and characterized
by Gouterman and colleagues,80 H2TFPL is a porpholactone in which one exo –CH=CH–
moiety of the porphyrin ring has been converted to an –OC(=O)– group. Its original preparation was unintentional—a small amount was formed during an attempt to prepare the
Ag(I) complex of H2TFPP by treating the latter with silver nitrate. Adding oxalic acid to
the refluxing mixture of H2TFPP and AgNO3 in acetic acid was promptly found to afford
H2TFPL more reproducibly, with reaction yields of about 15%. By 2002, this methodology had been optimized to such an extent that purified H2TFPL could be obtained in 73%
yield overall.81 Reaction progress was monitored by thin-layer chromatography (TLC),
after which purification was achieved by washing a CH2Cl2 solution of the crude product
first with aqueous Na2CO3 and then with water, drying the organic phase over MgSO4,
filtering to remove the desiccant, and evaporating the solvent before subjecting the residue
to flash chromatography over basic alumina. An earlier investigation had shed some light
on the mechanism of this preparative reaction, which seems to proceed via initial metalation of H2TFPP by Ag+ followed by nitrate oxidation of the complex. The oxalic acid
then demetalates the silver-porpholactone intermediate to yield H2TFPL itself.82
It is hoped that the preceding pages have conveyed some sense of the extensive
synthetic manipulations required to produce the free-base porphyrins from which luminophoric metalloporphyrins are obtained in turn. That said, it should be acknowledged that
the majority of studies to date have relied upon commercially available products rather
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than luminophores prepared in-house. Frontier Scientific, Inc. of Logan, UT has emerged
as the principal domestic supplier of such materials. Founded as Porphyrin Products, Inc.
by Dr. Bruce Burnham in 1975, the company continues to specialize in the preparation of
porphyrins and offers a wide variety for sale. Metalloporphyrins such as PtOEP, PtTFPP,
and PdTFPP so favored in the field of pressure-sensitive paints are available for purchase
as well, but metalation of the appropriate free-base porphyrin is readily accomplished in
the laboratory should a researcher prefer to execute it. Platinum is most often inserted by
combining the porphyrin with PtCl2 in refluxing benzonitrile,75,80 although K2[PtCl4] is
sometimes utilized as the platinum source instead.5,79 Boiling benzonitrile is a good solvent for most free-base porphyrins, and a stream of dry nitrogen facilitates metalation by
driving off the HCl produced as a byproduct.83 Because it is only weakly coordinating,
however, benzonitrile is rather a poor solvent for most metal halides and so a salt such as
PtCl2 may be refluxed in it for some time to facilitate dissociation of the Pt 2+ and Cl – ions
before the porphyrin is introduced. Alternatively, the acetylacetonate can be employed;
Pt(acac)2 is considerably more soluble in benzonitrile so that a higher concentration of this
reagent can be attained in a reaction mixture and the rate of metalation thereby increased.
Khalil et al.80 also demonstrated nearly a twofold improvement in yield for the conversion
of H2TFPL to PtTFPL with Pt(acac)2 in place of PtCl2. Their approach was motivated by
a report of increased yields of palladium porphyrins accompanying the use of Pd(acac)2
to effect analogous metalation.84 Even so, PdCl2 remains the starting material of choice
when preparing palladium porphyrins from their free-base parents. The standard procedure calls for N,N-dimethylformamide (DMF) as the solvent but otherwise differs little
from metalation based on PtCl2.75,79,85
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2.2 Spectral Characteristics and Electronic Structure
Free-base porphyrins exhibit certain prominent spectral features across the near
ultraviolet (UV), visible, and near infrared (IR) regions of the electromagnetic spectrum.
So too do metalloporphyrins, although their spectra differ appreciably from those of their
free-base parents. In each case an “optical” absorption spectrum, considered to span the
approximate wavelength range 350-650 nm for the purposes of this discussion, generally
displays an intense feature in the near UV ( ~ 400 nm) known as the Soret band and
multiple peaks of much lower intensities in the visible region.86 A symmetrically substituted free-base porphyrin that exhibits idealized D2h symmetry usually gives rise to four
of these latter bands, but the pronounced increase in symmetry (to D4h) that accompanies
metalation reduces the number of such weaker absorptions to two.87 A strong Soret band
is retained, however, and the associated wavelength of maximum absorption is frequently
selected as the excitation wavelength for a metalloporphyrin luminophore because the
strength of the absorption enables a less intense optical source and a smaller quantity of
the complex to be employed in a PSP sensing platform. Either of the less intense visible
absorptions, which most often appear between 500 and 650 nm and are termed Q bands,
can be exploited for excitation as well. In the event that such an illumination wavelength
is selected, the disadvantage of less efficient absorption is offset to some extent by the reduced likelihood of photodegradation originating in the incident photons’ lower energies.
In an exhaustive review of porphyrin spectra and electronic structures, Gouterman
referred to the inner 16-membered ring with its 18  electrons as the “electronic heart” of
any metalloporphyrin—an apt description given its centrality to the photophysics of such
systems.87 Figure 7 highlights this conjugative pathway for a generic metalloporphyrin.
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Other resonance contributors can be drawn, of course, and the macrocycle nominally contains 26  electrons in all. Nevertheless, as only 18 of these electrons can be included in
any one pathway, it is appropriate to characterize metalloporphine or any of its derivatives
as an aromatic heterocycle that conforms to Hückel’s 4n + 2 rule with n = 4. In light of

Figure 7. Bond-line formula of metalloporphyrin emphasizing inner 16-membered ring. The
periphery of this ring delineates the conjugative pathway accessible to the 18 associated  electrons, 12 of which are contributed by the constituent carbon atoms, 2 by the nominally doublebonded nitrogen atoms, and 4 by the two remaining nitrogen atoms.

this aromaticity, it is hardly surprising that a great many photophysical and photochemical
properties of any porphyrin originate in electronic transitions between  and * MOs.
All of the absorption bands referenced in the preceding paragraph are (, *) in origin, for
instance. A metalloporphyrin’s two Q bands are associated with transitions to the first
excited singlet state, represented as S0  S1 in the notation of §1.3; the higher-energy
band reflects one quantum of vibrational excitation as well. The Soret band far to the blue
corresponds to the transition S0  S2, its exceptional intensity indicating the transition to
be one that is strongly allowed.
Complexes of Pt(II) and Pd(II) are classified as hypsoporphyrins in Gouterman’s
metalloporphyrin taxonomy partially on the basis of their absorption spectra, which exhibit bands that are blue-shifted relative to analogous features in the spectra of porphyrins
chelating closed-shell ions. Differences in emission behavior are perhaps more definitive,
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however, in that “normal” metalloporphyrins are fluorescent while Pt(II), Pd(II), and various other hypsoporphyrins are intensely phosphorescent. Why these crucial differences?
Gouterman attributes much of the answer to interactions among key porphyrin and metal
orbitals. In particular, the macrocycle possesses a pair of * MOs (labeled eg orbitals in
the group-theoretical scheme) of suitable symmetry to mix with the valence 4dxz and 4dyz
orbitals of palladium or the 5dxz and 5dyz orbitals of platinum. In the metalloporphyrin’s
ground state, the eg orbitals are vacant while the appropriate d orbitals (hereafter jointly
denoted d) are both filled. It follows that any eg-d interaction elevates the energy of the
eg orbitals; the lower-lying (and fully occupied)  MOs of the ring are unaffected so that
the net result is an increase in the -* energy gap and thus a blue-shift of any absorption
band originating in a   * transition. The introduction of metal d-orbital character into certain of the macrocycle’s orbitals also facilitates spin-orbit coupling, which assists in
rationalizing the predominance of phosphorescence over fluorescence that is observed in
the emission spectra of Pt(II) and Pd(II) porphyrins. It will be recalled from §1.3 that this
last feature is essential in terms of PSP functionality: a luminophore’s sensitivity to O2 is
markedly dependent on the natural lifetime of its emission, and 0 is inherently longer
when said emission assumes the form of phosphorescence rather than fluorescence.

2.3 A Survey of Metalloporphyrin Sensing Platforms
2.3.1 Polymer Matrices
Many of the metalloporphyrins that continue to attract attention as luminophores
today have been known for decades. In fact, key photophysical properties such as natural
phosphorescence lifetimes and the locations of absorption and emission maxima were
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established for PtTPP, PtTFPP, PtOEP, and their palladium analogues by the late 1980s.88
Nearly all early investigations of such luminophores as O2 and pressure sensors involved
their preliminary immobilization in polymer matrices, most commonly polystyrene (PS),
and these binders remain the most popular matrices for metalloporphyrins despite recent
advances in films and coatings fabricated from sol-gels. Much of the specific appeal of
PS centers on its ability to dissolve such luminophores: Pt(II) porphyrins, for example,
can form true—that is, homogeneous—solutions in PS at concentrations up to at least
0.1% by mass.46 Luminophore aggregation is nil even near this approximate upper limit,
which ensures negligible self-quenching of any oxygen-sensitive emission and also tends
to simplify a sensor’s Stern-Volmer response. Papkovsky et al.89 documented successful
detection of both gaseous and dissolved O2 with a PtOEP/PS sensor in 1991, though its
incompatibility with convenient LED-based excitation sources prompted their development of the alternative luminophore PtOEPK as detailed in §2.1.73 Once synthesized, this
latter complex was also immobilized in PS and displayed a Q band sufficiently red-shifted
that the resulting sensor was highly excitable with a yellow LED. PtOEPK/PS excelled
in terms of photostability and long-term storage stability as well, withstanding 18 h of UV
irradiation with only a 10% diminution in absorbance and exhibiting no discernible spectral changes after storage in the dark for eighteen months. The appeal of PS was enhanced
still further with a 1996 report by Hartmann and Trettnak,74 who showed PdOEPK/PS to
possess one of the highest oxygen sensitivities reported for any platform up to that time.
Despite the prominence of PS as a binder for metalloporphyrin-based PSPs during
the 1990s, other polymeric matrices were also assessed during this period. In the abovereferenced paper, for instance, Hartmann and Trettnak tested poly(vinyl chloride) (PVC)
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films doped with PtOEPK and PdOEPK in addition to membranes fabricated from PS but
found the former considerably less sensitive to O2. In light of their abilities to increase a
given polymer’s permeability to O2, the plasticizers 2-ethylhexyl adipate and 2-ethylhexyl
sebacate were evaluated as PVC additives but could only enhance oxygen sensitivity at
the expense of film homogeneity and linear Stern-Volmer response. Multiple contributions were made under the supervision of Martin Gouterman, whose research group at the
University of Washington had turned to PSPs in conjunction with digital imaging for
improved mapping of wind-tunnel pressure fields in 1987. By 1990, J. Kavandi of the
Gouterman group had developed a paint based on PtOEP in a matrix of Gp-197 from the
Genesee Polymers Corporation. The formulation of this binder was proprietary, but the
supplier advertised it as a silicone resin curable at room temperature. The paint responded
sluggishly to changes in pressure, yielded a brittle coating subject to chipping and flaking
during wind-tunnel operation, and failed to shield the luminophores from photodecomposition effectively but nonetheless served as an important foundation for later work. Three
years later Gouterman and colleagues91 included PtOEP/Gp-197 in a comparative performance assessment of several new PSP formulations, among them H2TFPP adsorbed onto
silica, and verified the silica-based coatings to respond much faster to pressure changes
while simultaneously demonstrating a novel pressure-jump apparatus that they had constructed to enable measurement of these greatly reduced response times.
Numerous developments converged to render 2000 a banner year in the field of
metalloporphyrin PSPs, one of which was the publication by Amao, Asai, and Okura25 of
results derived from a formative study based primarily on measurements of luminescence
lifetimes rather than intensities. Utilizing PtOEP/PS and PtTFPP/PS, the authors fit both
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films’ emissions to di-exponential decay curves and made an early attempt to correlate 0
values with luminophore environments by associating the faster component of each mean
lifetime with complexes occupying O2-accessible surface sites and the slower component
with complexes residing in the bulk film. In another paper Amao, Miyashita, and Okura85
introduced variously formulated copolymers of styrene and pentafluorostyrene (PFS) as
potential matrices for PtOEP and PdOEP. Emission intensity ratios I0/I100 (I0 denoting intensity in the absence of O2 and I100 intensity under pure O2) attained maximum values of
27.2 for PtOEP- and 93.6 for PdOEP-doped films at matrix PFS-to-styrene mole ratios of
1.33:1 and 0.21:1, respectively, which far exceeded analogous intensity ratios of 4.5 for
similarly prepared PtOEP/PS and 46.0 for PdOEP/PS. Although a later study92 suggested
that these authors may have underestimated I0/I100 for PtOEP/PS, the implied superiority
of their copolymer to simple PS as a matrix for metalloporphyrin-based oxygen sensors—
especially in the low-concentration regime—was clear. Ultimately, though, the furthestreaching contributions were made by the Gouterman group. In a remarkable series of four
papers published in the Journal of Applied Polymer Science, Gouterman and several coworkers explored the temperature dependence of assorted paints’ pressure responses and
investigated means by which this undesirable effect might be minimized. Their interrelated studies will be reviewed in some detail because they have informed a great deal of
more recent work on so-called “ideal” PSPs.
A perfect pressure-sensitive paint would respond only to changes in pressure, but
all real PSPs give rise to luminescence that is at least somewhat sensitive to temperature
as well. The physical basis of this temperature dependence is readily appreciated: raising
the temperature activates additional luminophore vibrational modes and thereby facili44

tates non-radiative relaxation to the ground electronic state. The thermal quenching thus
induced diminishes emission intensity and, because this effect is often indistinguishable
from that of oxygen quenching, error in derived pressure measurements is the inevitable
result. Furthermore, the complex relationship between ambient temperature and sensor
performance renders quantitative predictions of temperature effects exceedingly difficult.
This complexity is perhaps best illustrated by considering the Stern-Volmer constant KSV,
defined in §1.3 as the product of a luminophore’s natural lifetime 0 and the bimolecular
rate constant kq for oxygen quenching. On the one hand, kq generally increases with an
increase in temperature; on the other, the rate constant knr associated with non-radiative
luminophore relaxation also increases so that 0 = (kr + knr) – 1 decreases. Predicting the net
effect of a temperature change on KSV is therefore a significant challenge. In the first publication of their four-part series, Gouterman and colleagues93 sidestepped this difficulty
by formulating a quantitative condition for PSP ideality without reference to KSV itself.
Specifically, they acknowledged the inherent temperature dependence of the ratio I0/I that
appears in the Stern-Volmer equation by rewriting it as I(P0, T0)/I(P, T) and proceeded to
define a pressure-response function fT in terms of a closely related ratio. The subscripted T

f T ( P, P0 ) 

I ( P0 , T )
I ( P, T )

(2.1)

emphasizes f ’s dependence on temperature. By analogy, a temperature-response function
gP was also defined. Generally speaking, g varies with pressure as well and was labeled

g P (T , T0 ) 

I ( P, T )
I ( P, T0 )

(2.2)

accordingly. In terms of their newly introduced functions, the authors described an ideal
PSP as one for which the temperature dependence of f and the pressure dependence of g
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are minimal. These conditions enable fT at an arbitrary temperature to be approximated
by f T0 , the function’s value at the reference temperature T0; gP is similarly expressible as

g P0 . The authors’ treatment culminated in their reformulation of the original intensity ratio as shown below. (Note their invocation of f ’s approximate temperature independence

f T ( P, P0 )
I ( P0 , T0 ) I ( P0 , T0 ) I ( P0 , T )
1



 f T ( P, P0 )  0
I ( P, T )
I ( P0 , T ) I ( P, T ) g P0 (T , T0 )
g P0 (T , T0 )

(2.3)

in the final step.) Recognizing I(P0, T0)/I(P, T) as the quantity that is actually measured in
a typical PSP experiment and fT(P, P0) as the temperature-corrected intensity ratio from
which an accurate value of the pressure can be extracted, the utility of the authors’ work
emerges at last. Assuming T0 to be known, the temperature T of an aerodynamic model’s
surface during wind-tunnel operation to be measurable, and the function g to be determinable via preliminary temperature calibration of the PSP under study, it follows that the
desired quantity f T0 or simply f can be obtained as the product of the empirical quantity
I(P0, T0)/I(P, T) and the (calculable) value of g(T, T0). In summation, then, the authors’
conception of an “ideal” PSP was not a paint totally immune from temperature effects but
rather one whose slight temperature dependence could be accounted for conveniently in
the analysis of experimental data. Pursuing this line of thought to a more immediately
practical conclusion, they also reported a matrix that afforded PSPs fitting the necessary
criteria when doped with PtTFPP: “FIB,” a previously patented copolymer of hexafluoroisopropyl methacrylate and heptafluoro-n-butyl methacrylate.94 The second paper
in their series described the benefit of annealing such PSP coatings.95 Heating above the
matrix’s glass-transition temperature (Tg ~ 70 ºC) proved vital in producing minimally
temperature-sensitive films, an effect attributed to relaxation of the initially entangled
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polymer chains during heating and resultant reduction of the activation energy for O2 diffusion. Of the two remaining contributions, one focused on various TiO2-doped polymer
basecoats and their influences on the temperature sensitivities of PtTFPP/FIB topcoats. 96
A low oxygen permeability was found to be an asset in formulating such basecoats, as
highly oxygen-permeable polymers tended to increase the temperature coefficient of the
sensing phase. Finally, the authors moved beyond FIB by demonstrating that addition of
alumina to a PtTFPP-doped commercial polysiloxane could idealize the resulting PSP.97
The pace of metalloporphyrin-based PSP research quickened considerably as the
new millennium progressed. Among the technical advances reported during its first decade were deposition of a PtOEP-doped coating onto a glass substrate in which an optical
waveguide had been embedded for more efficient excitation,98 preparation of structurally
integrated sensors in which the PtOEP and PdOEP luminophores were excited by organic
light-emitting diodes (OLEDs) rather than lasers with positive implications for long-term
photostability,99 and application of a film containing PtOEP directly onto a photodiode
detector to afford a miniaturized and readily calibrated sensing platform (Figure 8).100,101

Figure 8. Photograph of PtOEP/PS-coated photodiode, excerpted from Capitán-Vallvey et al.100
The green LED that provides illumination is located just 4.5 mm away in the assembled device.

Polystyrene served as the binder in each case, but progress during this period also included
utilization of new matrices such as the poly(n-butylaminothionylphosphazene) (C4PATP)
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that was introduced for use with PtOEP by Lu, Manners, and Winnik.29 This polymer,
prepared according to a literature procedure,102 formed tacky films when pure—hardly
surprising given its low Tg, which is well below room temperature. Adding substantial amounts of silica hardened such films and eliminated their undesirable tack altogether,
paralleling the authors’ results with comparably prepared PtOEP/PDMS coatings. Lifetime measurements suggested the immediate environments of the luminophores to be
much more uniform in the case of the silica-containing C4PATP, however, and ultimately
led the authors to propose that this polymer precluded adsorption of PtOEP onto the silica

nanoparticles in contrast to the behavior of the luminophore in PDMS. Contemporary
studies of ethyl cellulose (EC) and cellulose acetate butyrate (CAB) as matrices for Ptand PdOEP suggested heterogeneity to be the rule for these media, with a Freundlich-type
isotherm employed in place of the Demas equation to fit the nonlinear Stern-Volmer plots
generated during the calibration process.103,104 Ultimately, though, it was another matrix,
poly[1-(trimethylsilyl)-1-propyne] or PTMSP, that proved especially effective in spurring
ongoing research. Even the communication in which this polymer’s synthesis was first
reported mentioned its extraordinarily high O2 permeability, about ten times that of
PDMS.105 Its selection by Amao et al.106 as a binder for PSPs based on PtOEP and
PdOEP was thus eminently logical and ensured correspondingly high values of I0/I100 and
KSV for the sensing phases obtained. In the case of PtOEP/PTMSP, for instance, I0/I100
48

was 225 compared to 5.5 for PtOEP/PDMS and the limit of detection for O2 was estimated to be 0.3% by volume. Outgrowths of this seminal study in later years included
application of a PdOEP/PTMSP coating to map pressure distributions across an aluminum
plate subjected to rarefied supersonic O2 jets107 and simultaneous visualization of the
pressure fields on opposite interior faces of a rectangular tube into which a high-velocity
gas stream was directed with a needle.108 In the latter study, PtTFPP/PTMSP was applied
to one wall and PtTFPL/PTMSP to the other. The emission maximum of the PtTFPL,
which appeared at about 750 nm, was sufficiently red-shifted relative to that of PtTFPP
(around 650 nm) that the outputs could be separated quite readily with optical filters prior
to CCD detection. Further investigation of biplanar pressure-field visualization confirmed the superiority of PTMSP to PS as a PSP binder in such applications, the former’s
much higher Tg (in excess of 200 ºC) evidently contributing to the reduced temperature
sensitivities and simpler temperature responses of the associated paints.109 Still more recently, Iijima and Sakaue110 created a “two-color” paint by combining PtTFPP with the
temperature-sensitive poly[1-(4-trimethylsilyl)phenyl-2-phenylacetylene] (PTMST) and a
PTMSP binder. The result was a coating responsive to both pressure and temperature,
though moderate spectral overlap of the two emitters’ outputs diminished pressure sensitivity relative to a similar sensor containing PtTFPP alone.
The concept of a temperature-responsive dual-luminophore PSP did not originate
with Iijima and Sakaue. Gouterman and colleagues, building upon their prior studies of
PSP temperature sensitivity, had reported a comparable material as early as 2003.111 This
paint featured a tris(-diketonato)phenanthroline complex of europium(III) for thermometry as well as pressure-sensitive PtTFPL, both of which were immobilized in a silicone
49

polycarbonate copolymer. PtTFPL exhibited intensity-based pressure and temperature
coefficients of approximately 0.1% (torr air) – 1 = 364% (atm O2) – 1 and – 0.24% (ºC) – 1, respectively, whereas the Eu(III) complex was minimally sensitive to pressure but strongly
temperature-responsive [– 4.42% (ºC) – 1] so that this mixture approached the authors’ conception of an ideal PSP. Appreciable overlap of the absorption bands for PtTFPL (Soret
max = 392 nm) and the europium complex (max = 372 nm) enabled both species to be excited with a single near-UV source while their disparate emission maxima ensured that
both optical outputs could be monitored simultaneously and independently with filters.
The potential of multi-luminophore PSPs is by no means restricted to tandem
pressure and temperature measurements, however. A dual-metalloporphyrin paint composed of PtTFPL and MgTFPP in FIB, for instance, has been shown to reduce barometric
errors originating in the movement or distortion of a model surface during wind-tunnel
operation.112 Because MgTFPP’s fluorescence is virtually independent of pressure, a ratiometric approach in which the quantity IMgTFPP/IPtTFPL replaced I0,PtTFPL/IPtTFPL as the basis
of derived pressure measurements effectively cancelled motion-induced errors. Serendipitously, ratioing IMgTFPP and IPtTFPL also reduced the PSP’s overall temperature sensitivity
to no more than 0.1% (ºC) – 1 in magnitude. Comparable effects were documented for PS
microbeads loaded with PtOEP and SiOEP, the former responsive and the latter insensitive to pressure, in a subsequent study.113 These beads, another innovation from Martin
Gouterman’s research group, were designed not for incorporation into PSPs per se but
rather for direct release into wind-tunnel airstreams to enable imaging of velocity and
pressure distributions in an entirely new way. Inclusion of more than one luminophore in
a PSP formulation is not an absolute requirement for the motion-cancelling ratiometric
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technique—in 2005 the Gouterman group established similar capabilities for PtTFPP/FIB
by ratioing the 1270-nm 1O2 output with luminophore emission.114 It will be recalled
from §1.3 that the formation of 1g O2 accompanies the quenching of luminophore emission by oxygen; radiative relaxation of the 1O2 thus formed to ground-state 3O2 gives rise

Figure 9. Images of 650-nm PtTFPP emission and 1270-nm 1O2 emission under air (21% O2)
and after evacuation of sample chamber.114 The metalloporphyrin luminophore was combined
with a FIB binder and spray-painted onto a polycarbonate film, which was then cut into the
“UW” shape for imaging. The excitation wavelength was 400 nm in each case.

to an IR signal around 1270 nm that the authors were able to quantify with a special
InGaAs detector in spite of the transition’s low quantum yield. Figure 9 illustrates the
differential emission under air and in the virtual absence of oxygen at each relevant
wavelength. The two signals are obviously cross-correlated, but their emission from the
same painted surface should endow the ratio I1270

nm/I650 nm

with some ability to offset

variations stemming from motion during wind-on tests nonetheless. Even so, multiluminophore platforms have received considerably more attention. The ultimate example
of such a platform, albeit one not necessarily intended for aerodynamic applications, is
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probably the pair of sensors reported by Stich et al.115 in 2009. These authors utilized
three emitters, all of them excitable via illumination at 405 nm: PtTFPL (or, in another
formulation, PtTFPP) as an oxygen- and hence pressure-sensitive complex, a temperatureresponsive europium(III) complex, and the fluorescent pH indicator 8-hydroxypyrene1,3,5-trisulfonate (HPTS). The metalloporphyrin was immobilized in poly(styrene-coacrylonitrile) (PSAN) microbeads, the temperature probe in PVC, and HPTS in aminomodified poly(2-hydroxyethyl methacrylate), all of which were subsequently dispersed in
a polyurethane hydrogel. No fitting parameters were provided in connection with the
lifetime-based Stern-Volmer plots presented for the oxygen-responsive components, but
each sensor yielded data that were consistent with results obtained from the luminophoredoped microbeads individually so that spectral “crosstalk” appeared negligible.
Technical advances in PSPs that bear existing metalloporphyrins have continued
apace since 2010. Results explicitly oriented toward aerodynamic studies included the
use of intensity- and lifetime-based measurements to map the pressure distribution across
the interior surface of a supersonic nozzle airbrushed with PtTFPP/FIB.116 Comparison of
each map with discrete results from a series of pressure taps confirmed the global accuracy of each PSP-derived distribution, the map obtained from ratios of emission intensities
displaying considerably better resolution than its lifetime-based competitor in this case.
Though perhaps of less immediate import for applications in aerodynamics, López-Ruiz
and coworkers117 successfully employed a smartphone’s high-resolution digital camera in
conjunction with its (suitably programmed) onboard microprocessor to quantify oxygen
concentrations across a quartz surface coated with PtOEP/PS and Lamprecht et al.118 furthered the trend toward miniaturization with their report of an O2- and pressure-responsive
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sensor platform incorporating emissive PtTFPP/PS and an organic photodiode (OPD) as
the luminescence detector, both of which were monolithically integrated onto a tapered
glass capillary tube. The pressure-sensitive coating in this case also included a commercial “antenna dye” possessing a very high molar absorptivity at the excitation wavelength
of approximately 450 nm and an emission spectrum that overlapped the absorption bands
of the metalloporphyrin—in essence an optical funnel or “light harvester” for the PtTFPP.
Matrix optimization was the focus of a 2015 publication describing an optical O2 sensor
fabricated by electrospinning PtTFPP-doped PS nanofibers onto a glass substrate.119 By
comparison to a conventional sensor consisting of PtTFPP/PS deposited as a bulk coating,
the electrospun alternative responded far more rapidly to changes in ambient oxygen concentration due to its much greater porosity. The response time, defined in this case as the
interval required for the analytical signal to reach 90% of its final value after replacement
of an initially anoxic atmosphere with pure O2, plummeted from 2.2 s for the bulk PSP to
32 ms for the electrospun fibers while sensitivity and other parameters were unaffected.
The preceding examples suggest the enduring popularity of polystyrene as a PSP
binder and metalloporphyrin matrix, but various polymeric newcomers have appeared in
the literature since 2010 as well. Iijima and Sakaue120 opted to immobilize PtTFPP in a
copolymer of isobutyl methacrylate and trifluoroethyl methacrylate for their demonstration of PSP excitation via a novel electroluminescence device able to provide more uniform illumination than traditional point sources such as lamps, lasers, and LEDs. Reports
of a PtOEP/poly(ethyl methacrylate) PSP dip-coated onto an optical fiber to afford a fastresponding sensor with a linear Stern-Volmer plot spanning the entire 0-100% range of
oxygen concentrations121 and of polytetrafluoroethylene microspheres incorporated into
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the silicone binder of a PtTFPP-based paint to increase its hydrophobicity and hence its
immunity from humidity effects122 likewise have expanded the scope of polymer supports
for PSPs. In a similar vein, 1O2-induced photodegradation of polymer binders ranging
from PS to ethyl cellulose was the subject of a recent investigation that confirmed the effi-

cacy of the additive 1,4-diazabicyclo[2.2.2]octane (DABCO)—well known as a quencher
of singlet oxygen—in enhancing matrix stability.123
One of the most remarkable developments of the past few years assuredly was the
application of PSP technology to the investigation of an acoustic cavity by Disotell and
Gregory.124 One wall of the cavity was coated with a PtTFPP-doped polymer/ceramic
binder prepared by combining a copolymer of ethyl 2-propenoate and N-(hydroxymethyl)2-propenamide with TiO2, and a sinusoidally driven speaker enabled various sound waves
to be propagated throughout the cavity’s interior. The authors’ choice of the polymer/ceramic composite as their PSP matrix was grounded in its high heat capacity, which
ensured a negligible temperature gradient across the painted wall; the coating was also
described as sufficiently permeable to O2 that it endowed the PSP with rapid response.
Both characteristics were crucial in the implementation of a “single-shot” approach to the
imaging of acoustic waves incident on the sensing wall, principally meant to reduce luminophore photodegradation by minimizing the duration of its exposure to the excitation
source but also intended to allow the visualization of transient structures in the pressure
field whose signatures would otherwise be averaged out. Evidently the authors succeeded
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on both counts. Sequential acquisition of 168 single-shot images resulted in a net decrease in PSP emission intensity of just 0.69%, and the data enabled satisfactory imaging
of all relevant acoustic-field features that had proven amenable to conventional mapping
while revealing new structures as well. As an illustrative example, the single-shot image
presented as Figure 10 displays what the authors tentatively described as spherical wavefronts propagating from the driving speaker. Their identification is based on a comparison

Figure 10. Single-shot image of acoustic cavity wall coated with PtTFPP in a polymer/ceramic
matrix.124 The x- and y-coordinates indicate fractions of the surface’s total length and width. The
pressure scale is defined in terms of fluctuations about the barometric mean.

of the distance between the two features indicated—40.4 mm by direct measurement from
the scaled image itself—and the estimated wavelength of sound waves generated by the
speaker operating at a known resonant frequency of 1302 Hz. The estimate was computed
via Equation (2.4), which relates the wavelength  and frequency f of the acoustic waves
to the speed of sound under ambient conditions inside the cavity. Taking v = 346.7 m s – 1,

λ v
2π f
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(2.4)

Disotell and Gregory obtained  = 42.4 mm after the appropriate unit conversion. Though
not necessarily conclusive, the concordance of these values is certainly suggestive that the
transient features were characterized correctly. In any case, the broader implications for
PSP imaging capabilities are clear.
So much of the progress in the field of polymer-bound metalloporphyrins as PSPs
has depended upon the adaptation of existing polymers and occasionally the development
of new polymers for use as luminophore matrices that at this point one might well inquire
after the luminophores themselves. Have any novel oxygen-sensitive metalloporphyrins
been reported for use with polymer binders since those referenced in §2.1? The answer
appears to be no—with one exception. In 2014 Hutter and colleagues125 published their
study of the closely related platinum(II) benzoporphyrins 2.6a and 2.6b, both of which
exhibited sensitivity to O2 when immobilized in polystyrene. Immobilization was effected

in a decidedly unusual way, the functionalization of each luminophore with at least one
bromine atom enabling it to be bound to its PS matrix covalently. For 2.6a, said linkage
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was achieved via Suzuki coupling with PS specially formulated to contain boronic acid
residues and amounted to simple tethering at the formerly halogenated site. An analogous
procedure was feasible for 2.6b, but its more extensive bromination also allowed the authors to pre-functionalize this luminophore with styryl groups and then polymerize it with
styrene or other monomers to produce a highly crosslinked material in which the metalloporphyrin was integrally incorporated. Despite the promise of such techniques as means
of precluding luminophore aggregation and thereby increasing sensor homogeneity, the
authors were equally focused on the elimination of luminophore leaching—a noteworthy
attribute for sensors of dissolved O2 but one much less relevant for films that respond to
gaseous O2 in order to quantify pressure. It thus appears that the application of PSPs
based on these complexes to problems of aerodynamic interest must await future research.
2.3.2 Sol-Gel and Related Silica-based Matrices
In point of fact, novel oxygen-sensitive metalloporphyrins have been developed in
recent years. However, these complexes were designed for immobilization in sol-gels or
mesoporous silicas rather than the polymer matrices considered at length in the preceding
subsection. Two of the first such luminophores, a platinum(II) tetra(4-N-pyridyl)porphine

complex (2.7a) and its tetra-N-methylated analogue (2.7b), were reported in 2005.126 Employing the methodology of Longo et al.66 for the preparation of H2TFPP with minimal
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modification, Zhang and coworkers refluxed pyrrole and pyridine-4-carbaldehyde in propionic acid to synthesize H2TPyP. This free-base porphyrin was then treated with PtCl2
in anhydrous degassed benzonitrile to afford PtTPyP, a portion of which was converted to
PtTMPyP4+ according to Pasternack and colleagues127 by refluxing the initial metalloporphyrin with methyl p-toluenesulfonate in DMF. Each of the novel complexes was then
incorporated into the mesoporous silica MCM-41, with powder X-ray diffraction patterns
confirming retention of the matrix’s channeled structure after introduction of the luminophores. PtTPyP/MCM-41 and PtTMPyP4+/MCM-41 both displayed considerable oxygen
sensitivity, the former’s luminescence 86.4% quenched and the latter’s 98.2% quenched
on transitioning from an atmosphere of pure N2 to one of pure O2. Coupled with response
times of 1 s or less, such sensitivities marked these materials as promising candidates for
further study. One such initiative was that of Tripathi, Lakshminarayana, and Nogami,128
who mounted a comparative investigation of PtTMPyP4+ (as its chloride salt) and PtOEP
in various hybrid xerogels. The two precursors n-propyltrimethoxysilane (nPrTMOS) and
3,3,3-trifluoropropyltrimethoxysilane (TFP-TMOS) combined to yield PtTMPyP4+-doped
films that were the most responsive to O2, although in none of the matrices tested could
this luminophore compete with PtOEP in terms of oxygen sensitivity specifically.
Three closely related metalloporphyrins, structurally quite distinct from PtTPyP
and PtTMPyP4+ but also intended for use with a mesoporous silica matrix, were described
by Huo et al.129 in 2006. Synthesis of each was a complicated task indeed, necessitating
the prior preparation of 5,10,15,20-tetrakis(3',5'-dimethoxyphenyl)porphine from pyrrole
and the appropriately substituted benzaldehyde. Treatment of this precursor with BBr3 in
CH2Cl2 effected complete demethylation,130 the resulting intermediate then being treated
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with dilute HCl before the carbazole moieties were introduced. Metalation with PtCl2 followed in the usual way, after which exhaustive protonation of the side chains with TFA
in THF at last afforded the highly charged complexes 2.8a-c that were incorporated into
MCM-48. Advance protonation of each metalloporphyrin proved necessary—the authors
found that the electrically neutral analogue of each complex could not be immobilized in
or on the selected mesoporous silica. Ready immobilization of the charged complexes
was attributed to cation exchange with protons of silanol groups lining the surfaces of the
matrix’s pores, a suggestion bolstered by the observation that luminophore incorporation
proceeded only after freshly synthesized MCM-48 had been calcined to remove the surfactant template that initially filled these voids. Although all three metalloporphyrins in
MCM-48 were responsive to O2, the oxygen sensitivities of 2.8b and 2.8c far exceeded
that of the less bulky 2.8a. In the case of 2.8c/MCM-48, for which 20 mg of luminophore
per gram of MCM-48 appeared to be the optimal loading level, I0/I100 was an astonishing
5041.2; equivalently, the complex’s emission was 99.98% quenched under pure O2. The
95% response time of the 2.8c/MCM-48 sensor at this loading level, a mere 40 ms, was
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remarkably short as well—so short, in fact, that this material remains one of the fastestresponding metalloporphyrin-based sensors ever reported. The superiority of 2.8c as an
oxygen-sensitive luminophore in the chosen matrix was attributed to its sheer size: the authors’ molecular simulations revealed that, in essence, 2.8c is too large to fit entirely within

MCM-48’s pores. Several of the N-alkylcarbazole “arms” can enter a pore and thereby
affix each luminophore to the matrix, but the metalloporphyrin core sits astride the mouth
of the pore and remains readily accessible to O2. For the considerably smaller 2.8a, on the
other hand, complete encapsulation is feasible because a typical pore is large enough to
contain this complex. Accessibility to O2 is correspondingly diminished, as is sensitivity.
The specificity of this rationale to MCM-48 restricts its applicability, however; use of a
different mesoporous silica with its own characteristic pore sizes and morphologies can
alter conclusions regarding luminophore performance quite radically. As an example, in
2014 Wang and colleagues131 reported their development of 2.9 and its immobilization in
the mesoporous silica SBA-15 at various loading levels. Despite significant differences,

the broad structural similarity of this luminophore to 2.8a is apparent. That said, while the
latter gave rise to the least O2-responsive films described in the preceding publication,
incorporation of even less bulky 2.9 into SBA-15 afforded a sensing phase that exhibited
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the highest quenching efficiency observed for a metalloporphyrin-based platform to date:
I0/I100 was an incredible 8779.8 for the film containing 20 mg of 2.9 per gram of silica.
Evidently the mechanism by which O2 molecules permeate this matrix and access bound
luminophores differs substantially from that operative in MCM-48, although the 2014 paper presented no data for emissive analogues of 2.9 that might facilitate its elucidation. A
free-base porphyrin functionalized for covalent attachment to a suitably prepared glass
substrate has even been reported that displays measurable oxygen sensitivity despite the
absence of a coordinated metal.132
Not all metalloporphyrins that have been assessed in or on silica-based matrices
were specially synthesized for use with these non-polymeric binders. In 2007 Basu133 detailed a study of the classic luminophores PtOEP and PtTFPP immobilized in sol-gel films
derived from methyltriethoxysilane (MTEOS) during which he had optimized several preparative parameters such as the mole ratio of water to MTEOS and the concentration of
the HCl catalyst in the precursor sol. Aging time and luminophore concentration were also varied in pursuit of the optimal O2-sensitive ORMOSIL film, although the limited solubility of PtOEP in the ethanolic sols employed restricted the range over which its concentration could be adjusted. This constraint is common to many metalloporphyrins, and
to a large extent it rationalizes researchers’ reluctance to utilize sol-gel matrices with such
complexes—a stark contrast to the popularity of sol-gels as binders for ionic ruthenium
polypyridyl luminophores. Even so, PtTFPP proved to be sufficiently soluble in the precursor media that sensing films cast from these sols displayed no visible evidence of luminophore aggregation or precipitation. Basu ultimately identified his PtTFPP-doped
ORMOSIL as superior to its PtOEP-doped counterpart for PSP applications despite the
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former’s lower quenching efficiency, in part because of its greater homogeneity but
principally on the basis of its photostability and its more intense (unquenched) emission.
These two luminophores were also the subject of another 2007 publication that described
their incorporation into hybrid gels fabricated from nPrTMOS and its fluorinated analogue
TFP-TMOS.134 Finally, as a more recent example of a silica-based PSP dependent on a
conventional metalloporphyrin for its functionality, in 2014 Kameya et al.135 described
their preparation of dual sensor arrays by means of modified inkjet printing onto silicagel TLC plates. Their pressure-sensitive luminophore was the ubiquitous PtTFPP, and simultaneous temperature measurement was achieved via ZnS-AgInS2 quantum dots. Such
developments suggest siliceous supports for metalloporphyrin luminophores to be more
promising than has traditionally been assumed and associated research is ongoing.
2.3.3 Other Supports for Metalloporphyrin Luminophores
Polymeric and silica-based materials together account for the vast majority of supports that have been employed to immobilize oxygen-responsive metalloporphyrins, but
one additional type of substrate merits mention: anodized aluminum (AA). This consists
of aluminum metal bearing a porous surface coating of aluminum oxide, which is usually
created by subjecting the metal to anodic oxidation while it is immersed in sulfuric acid.
The surface pores can then encapsulate various guests, including certain luminophores. In
conjunction with their size, the accessibility of these pores to the surrounding atmosphere
virtually guarantees the rapid response of so-called AA-PSPs to changes in pressure. It is
perhaps debatable whether anodized aluminum serves as the basis of a true “paint,” however, given that it cannot be applied via the customary techniques (dip- or spray-coating,
brushing, etc.) and that in most cases immobilized luminophores cannot be considered to
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have dissolved in such a matrix. Instead, bound luminophores must be treated as surfaceadsorbed species that interact with O2 molecules in somewhat different ways.136 For these
reasons, AA-PSPs have not been treated extensively in the present review.
That said, one publication is appropriately cited at this point because it describes a
trio of hitherto unreferenced metalloporphyrin luminophores.5 Complexes 2.10a-c were
applied to AA substrates and the resulting materials were characterized in terms of their
responses to changing oxygen concentrations. The sensor 2.10a/AA emerged as the most

sensitive to O2, which Araki and colleagues ascribed to suppression of intramolecular vibrations that might otherwise have facilitated nonradiative relaxation on account of this
luminophore’s particularly large size. Data concerning the performance of 2.10a-c and
the corresponding free-base porphyrins on AA have been summarized in Table 3, which
comprises the bulk of the next subsection.
2.3.4 Collected Data
This final subsection presents a tabulation of quantitative results for many of the
metalloporphyrin-based sensing platforms discussed throughout the chapter. Often only
the best-performing sensor reported in the context of a particular study was described previously, but comparative data obtained at different luminophore loading levels or applying
to distinct sensing phases have been listed here if available. Though necessarily concise,
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sensor formulations are described as completely as possible. (The reader should keep in
mind that, despite the apparent importance of the luminophore concentration cLp in a finished sensing film or coating, researchers specify this parameter only rather infrequently.)
The wavelength at which each luminophore’s emission was monitored, which almost always coincided with a spectral maximum, is denoted emis. Each quenching efficiency is
reported as I0/I100 (unless otherwise noted) at the stated value of emis. The quantities describing Stern-Volmer behavior were defined in §1.3; the range of oxygen concentrations
specified in each case is that over which Stern-Volmer plots were generated during sensor
testing and calibration. Finally, in keeping with standard practice, response and recovery
times are defined on a 95% basis: tresponse denotes the amount of time required for a sensor to achieve 95% of the total diminution in emission intensity that it will exhibit when
switched from an atmosphere free of oxygen to one of pure O2 and trecovery is the amount
of time necessary for luminescence intensity to return to 95% of its initial level after the
removal of oxygen from the sample chamber.
A further note on the Stern-Volmer constants KSV1, KSV2, and K'SV: literature values
reflect the plethora of units currently in use for the quantification of pressure. Standard
conversion factors were employed to transform reported constants from, say, (torr O2) – 1
or (psi O2) – 1 to (atm O2) – 1 in order to prepare Table 3, and the oxygen concentration in
dry air was taken to be 20.95% for the purpose of converting constants that were estimated
by exposing sensors to the atmosphere. The unit most often associated with KSV values is
actually (% O2) – 1, the percentage implicitly by volume, and in such cases the additional
assumption was made that gas mixtures utilized for sensor calibration behaved ideally. In
general, researchers maintained the total gas pressure at 1 atm during sensor calibration.
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Table 3. Selected performance characteristics of oxygen-sensitive materials based on metalloporphyrin luminophores.
Response and
Stern-Volmer Behavior
Range of O2
emis. Quenching
'
Recovery
Times (s) Ref.
K
K
K
Sensor Formulation
Concentrations
SV
SV1
SV2
(nm) Efficiency f1
–1
Assessed
tresponse trecovery
[(atm O2) ]
0-760 torr O2
2.4a/PS with 1 mg Lp per film 758
≈ 20.1
0.70
25
8
19
NR
NR
(N2 diluent)
2.4a/PVC with cLp = 1 mg per
0-760 torr O2
758
≈ 2.06
NA
NA
NA
1.11
NR
NR
gram of PVC
(N2 diluent)
74
0-760 torr O2
2.4b/PS with 1 mg Lp per film 790
≈ 26.7
0.91 1300
200
1200
NR
NR
(N2 diluent)
2.4b/PVC with cLp = 1 mg per
0-760 torr O2
790
≈ 9.5
NA
NA
NA
8.5
NR
NR
gram of PVC
(N2 diluent)
2.1a/poly(styrene1-co-PFS0.21);
0-100% O2
24.9
NA
NA
NA
24.9
5.6
30.0
cLp ≈ 0.029 mM, 50- to 80-m 645.4
(Ar diluent)
film
85
2.1b/poly(styrene1-co-PFS0.21);
0-20% O2
93.6
NA
NA
NA
194
3.0
90.1
cLp ≈ 0.029 mM, 50- to 80-m 663.8
(Ar diluent)
film
2.1a/PTMSP; cLp ≈ 0.029 mM,
0-100% O2
646
225
0.996 660
0.42
660
3.6
73.2
(Ar diluent)
10-m film
106
2.1b/PTMSP; cLp ≈ 0.029 mM,
0-6.0% O2
664
121
NA
NA
NA 1.70103
3.2
250
(Ar diluent)
10-m film
2.7a/MCM-41; cLp = 20 mg
0-100% O2
640
7.34
NR
NR
NR
NR
0.75
204.00
per gram silica
(N2 diluent)
2.7a/MCM-41; cLp = 40 mg
0-100% O2
640
7.00
NR
NR
NR
NR
0.50
220.12
per gram silica
(N2 diluent)
126
2.7b/MCM-41; cLp = 20 mg
0-100% O2
668
55.50
NR
NR
NR
NR
0.33
26.62
per gram silica
(N2 diluent)
2.7b/MCM-41; cLp = 40 mg
0-100% O2
668
23.53
NR
NR
NR
NR
0.36
29.58
per gram silica
(N2 diluent)
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2.8b/MCM-48; cLp = 10 mg
per gram silica
2.8b/MCM-48; cLp = 20 mg
per gram of silica
2.8b/MCM-48; cLp = 40 mg
per gram of silica
2.8c/MCM-48; cLp = 10 mg
per gram of silica
2.8c/MCM-48; cLp = 20 mg
per gram of silica
2.8c/MCM-48; cLp = 40 mg
per gram of silica
2.1a/PS coated on photodiode
detector; cLp = 14.4 mM

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

NR

1302.6

NR

NR

NR

2015.2

NR

NR

NR

1627.5

NR

NR

NR

1488.6

NR

NR

NR

5041.2

NR

NR

NR

3961.5

NR

NR

647

10.4
(I0/I24)

NA

NA

free-base 2.10a/AA

660.5

9.08

0.642

23.2

free-base 2.10b/AA

651.0

6.78

0.687

14.1

free-base 2.10c/AA

649.5

8.71

0.882

14.3

2.10a/AA

676.0

81.9

0.980

1730

2.10b/AA

668.5

35.5

0.935

1020

2.10c/AA

666.0

39.1

0.954

1630

Range of O2
Concentrations
Assessed
0-100% O2
NR
NR
(N2 diluent)
0-100% O2
NR
NR
(N2 diluent)
0-100% O2
NR
NR
(N2 diluent)
0-100% O2
NR
NR
(N2 diluent)
0-100% O2
NR
NR
(N2 diluent)
0-100% O2
NR
NR
(N2 diluent)
0-12% O2
NA
30.4
(N2 diluent)
0-100% O2
3.32
16.1
(Ar diluent)
0-100% O2
2.05
10.3
(Ar diluent)
0-100% O2
1.05
12.7
(Ar diluent)
0-100% O2
0.704 1.70103
(Ar diluent)
0-100% O2
1.43
950
(Ar diluent)
0-100% O2
0.835
1560
(Ar diluent)

Response and
Recovery Times (s) Ref.
tresponse trecovery
0.04

40.50

0.06

28.30

0.06

50.80
129

0.06

24.80

0.04

32.20

0.04

55.50

17.3+0.6
(t90% ↓)
9.4
(t90% ↓)
12.5
(t90% ↓)
9.6
(t90% ↓)
5.0
(t90% ↓)
8.9
(t90% ↓)
4.6
(t90% ↓)

48+5.2
(t90% ↑)
15.5
(t90% ↑)
17.0
(t90% ↑)
20.8
(t90% ↑)
667.4
(t90% ↑)
590.1
(t90% ↑)
580.4
(t90% ↑)

100

5
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2.1a/MTEOS sol-gel; ≈ 20-m
film
2.3a/MTEOS sol-gel; ≈ 20-m
film
2.1a/(nPrTMOS/TFP-TMOS)
xerogel on optical fiber
2.3a/(nPrTMOS/TFP-TMOS)
xerogel on optical fiber
2.1a/(1:1 nOcTMOS:TMOS)
xerogel
2.1a/(2:9:9 PFP-TMOS:
n
OcTMOS:TMOS) xerogel
2.1a/(4:8:8 PFP-TMOS:
n
OcTMOS:TMOS) xerogel
2.1a/(6:7:7 PFP-TMOS:
n
OcTMOS:TMOS) xerogel
2.7b/nPrTMOS xerogel
2.7b/(1:2 TFP-TMOS:
n
PrTMOS) xerogel
2.7b/(1:1 TFP-TMOS:
n
PrTMOS) xerogel
2.7b/(2:1 TFP-TMOS:
n
PrTMOS) xerogel
2.7b/TFP-TMOS xerogel

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

645

50

NA

NA

NA

49

645

28

NA

NA

NA

27

646

82.5

NA

NA

NA

84

650

68.7

NA

NA

NA

≈70.

645

≈ 334

NA

NA

NA

333

645

≈ 331

NA

NA

NA

330

645

≈ 281

NA

NA

NA

280

645

≈ 247

NA

NA

NA

246

670

≈ 71

NA

NA

NA

70

670

≈ 107

NA

NA

NA

106

670

≈ 137

NA

NA

NA

136

670

≈ 121

NA

NA

NA

120

670

≈ 115

NA

NA

NA

114

Response and
Range of O2
Recovery
Times (s) Ref.
Concentrations
Assessed
tresponse trecovery
0-100% O2
< 15
< 60
(N2 diluent)
133
0-100% O2
< 15
< 60
(N2 diluent)
0-100% O2
3.7
5.9
(N2 diluent)
134
0-100% O2
3.7
5.3
(N2 diluent)
0-100% O2
≈1
≈3
(N2 diluent)
0-100% O2
≈1
≈3
(N2 diluent)
0-100% O2
≈1
≈3
(N2 diluent)
0-100% O2
≈1
≈3
(N2 diluent)
0-100% O2
≈1
≈3
128
(N2 diluent)
0-100% O2
≈1
≈3
(N2 diluent)
0-100% O2
≈1
≈3
(N2 diluent)
0-100% O2
≈1
≈3
(N2 diluent)
0-100% O2
≈1
≈3
(N2 diluent)
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2.7b/(1:1 nOcTMOS:TMOS)
xerogel
2.7b/(2:9:9 PFP-TMOS:
n
OcTMOS:TMOS) xerogel
2.9/SBA-15; cLp = 10 mg per
gram of silica
2.9/SBA-15; cLp = 20 mg per
gram of silica
2.9/SBA-15; cLp = 40 mg per
gram of silica
2.9/MCM-41; cLp = 10 mg per
gram of silica
2.9/MCM-41; cLp = 20 mg per
gram of silica
2.9/MCM-41; cLp = 40 mg per
gram of silica

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

670

NR

0.72

5.2

0

3.7

670

≈3

0.64

8.9

0.5

5.9

651

1756.0

0.99943

7200

0.34

7200

651

8779.8

0.99989

36 000

0.34

36 000

651

6271.3

0.99984

26 000

0.34

26 000

646

439.0

0.9977

1780

0.34

1780

646

3853.0

0.99981

13 200

0.03

13 200

646

1254.3

0.99921

5100

0.34

5100

Response and
Range of O2
Recovery
Times (s) Ref.
Concentrations
Assessed
tresponse trecovery
0-100% O2
≈1
≈3
(N2 diluent)
128
0-100% O2
≈1
≈3
(N2 diluent)
0-100% O2
4.5
15.5
(N2 diluent)
0-100% O2
3.0
17.0
(N2 diluent)
0-100% O2
3.0
19.0
(N2 diluent)
131
0-100% O2
2.5
16.0
(N2 diluent)
0-100% O2
1.5
14.5
(N2 diluent)
0-100% O2
1.5
17.5
(N2 diluent)

CHAPTER 3: RUTHENIUM POLYLPYRIDYL LUMINOPHORES
3.1 Selected Preparations
As a practical matter, many of the ruthenium-based luminophores destined for use
in oxygen- and pressure-sensitive coatings are available commercially. In the context of
contemporary PSP research, then, the situation is reminiscent of that for metalloporphyrin
luminophores in that all but the most exotic ruthenium polypyridyl complexes are now as
likely to have been purchased as to have been prepared in-house. The very synthetic accessibility that enables chemical suppliers to offer such luminophores for sale ensures
that they can be made reliably in the research laboratory, however, and some of the most
widely utilized syntheses are described here. Salts of [Ru(bpy)3]2+ and [Ru(phen)3]2+, the
structural prototypes of nearly all luminophoric ruthenium complexes, and of the tris(4,7diphenylphenanthroline) complex [Ru(dpp)3]2+—perhaps the most widely utilized of all
ruthenium-based luminophores—are the foci at the outset. Consideration of preparative

schemes that afford specially functionalized ruthenium complexes suitable for covalent
immobilization in selected matrices will be deferred until the appropriate subsections of
§3.3 in view of these luminophores’ unusually intimate associations with their binders.
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One of the oldest methodologies still in use is that of Watts and Crosby,137 who
reported their synthesis of [Ru(dpp)3]Cl2 · 5H2O in 1971. Briefly, these authors combined
RuCl3 and an excess of the bidentate ligand in absolute ethanol to which two equivalents
of aqueous NH2OH · HCl were then added. The mixture was refluxed for 48 h, at the end
of which brilliant pink luminescence upon exposure to a black light confirmed formation
of the [Ru(dpp)3]2+ ion. Extensive workup and purification were necessary to obtain an
acceptable product, though, and the yield was correspondingly reduced. Fortunately, Lin
et al.138 published an alternative methodology just a few years later that dispensed with
the complex purification protocol and also proved adaptable to the preparation of a wider
variety of ruthenium polypyridyl complexes. Scheme 2 illustrates their approach for the
specific case of [Ru(phen)3]Cl2. Especially noteworthy are the preliminary conversion of
RuCl3 · 3H2O to K2[Ru(OH2)Cl5], the immediate precursor of [Ru(phen)3]Cl2, and the use

Scheme 2. Synthesis of [Ru(phen)3]Cl2 according to Lin, Böttcher, Chou, Creutz, and Sutin.138
Conversion of RuCl3 · 3H2O to K2[Ru(OH2)Cl5] as shown was reported by Mercer and Buckley.139

of freshly prepared NaH2PO2 as the reductant rather than hydroxylamine. Purification of
the crude product entailed its mere recrystallization from hot water. Other luminophoric
compounds accessible via slight modifications of this approach included [Ru(dpp)3]Cl2
and its dimethylated analogues [Ru(5,6-Me2phen)3]Cl2 and [Ru(4,7-Me2phen)3]Cl2. On a
final note, the ready availability of K2[Ru(OH2)Cl5] for purchase now all but eliminates
any need for the toxic and environmentally hazardous mercury metal that Mercer and
Buckley139 utilized in their cited preparation of this precursor.
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A more current methodology—albeit one still more than 20 years old—is that of
Klimant and Wolfbeis.140 Their goal was the preparation of dodecylsulfonate (DS –) and
trimethylsilylpropanesulfonate (TMSPS –) salts of [Ru(dpp)3]2+ and [Ru(phen)3]2+, which
were anticipated to be more soluble in polymers such as the PS so favored as a binder for
PSPs. Like their predecessors, these researchers began with RuCl3 · 3H2O: the starting
material was dissolved in a 10:1 mixture of ethylene glycol and water heated to 120 ºC,
after which three equivalents of dpp were added. The reaction mixture was refluxed at
165 ºC for 45 minutes, cooled, diluted nearly tenfold with acetone, filtered, and further
diluted. Introduction of 10 mM aqueous NaDS and subsequent salting out of the product
with 1 M NaCl afforded crude [Ru(dpp)3](DS)2 as an orange precipitate, which was isolated by filtration and washed with distilled water prior to recrystallization from a 4:1
mixture of acetone and water. The final yield of purified [Ru(dpp)3](DS)2 ranged from
75 to 85%. Synthesis of the corresponding TMSPS – salt proceeded identically except that
10 mM NaTMSPS replaced aqueous NaDS; purified [Ru(dpp)3](TMSPS)2 was obtained
in 70-80% yield. With the increasing availability of commercial ruthenium complexes as
simple chlorides or perchlorates, some authors have implemented only selected steps of
this protocol. Bossi, Daraio, and Aramendia,141 for example, metathesized commercial
[Ru(phen)3]Cl2 with NaDS to obtain [Ru(phen)3](DS)2 for the fabrication of O2-sensitive
silicone films that they utilized in assessing a new model for lifetime-based PSP data. On
the other hand, Badocco and Pastore26 executed the scheme in full but used sodium octyl
sulfate (NaOS) to produce [Ru(dpp)3](OS)2 for incorporation into a polysulfone matrix.
In anticipation of the specialized syntheses to be detailed in §3.3, the preparation
of one additional class of ruthenium polypyridyl complexes is appropriately described at
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this point: cis-[RuL2Cl2], in which L denotes virtually any one of the bidentate -diimine
ligands encountered thus far. Although such complexes do not function as luminophores
themselves, the lability of the chlorido ligands facilitates the conversion of such species to
luminophores bearing substituents that enable covalent immobilization. Among the various preparations of cis-[Ru(bpy)2Cl2] (as the dihydrate) that have been reported,142,143 the
method of Giordano et al.144 is of particular interest because it has also been demonstrated
for precursor complexes with L = phen, 4,4'-Me2bpy, and 3,4,7,8-Me4phen. To prepare
the bpy compound, these authors combined RuCl3 · 3H2O with two equivalents of bpy in
DMF and refluxed for 3 hours. Partial evaporation of the solvent and lengthy cooling of
the mixture over ice gave a concentrate from which crude cis-[Ru(bpy)2Cl2] was isolated
by filtration. Washing with water followed by recrystallization from aqueous LiCl gave
microcrystalline cis-[Ru(bpy)2Cl2] · 2H2O in 68% yield overall.

3.2 Electronic Structure and Key Electronic Transitions
In contrast to the d 8 ions Pd2+ and Pt2+ for which square-planar coordination is the
norm, Ru2+ is a d 6 species with a characteristic coordination number of six. The bidentate
nature of the -diimine ligands incorporated into any ruthenium-based luminophore precludes the complex from exhibiting octahedral symmetry; even the most symmetrical
complexes such as [Ru(bpy)3]2+ and [Ru(phen)3]2+ are properly assigned to the D3 rather
than the Oh point group, and other ruthenium polypyridyl luminophores are of still lower
symmetry. Despite this, the fact remains that the ruthenium center in any such complex
is ligated by six nitrogen atoms in an approximately octahedral configuration. It follows
that an orbital description based upon an octahedral disposition of ligands about a central
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metal legitimately can be applied to a qualitative discussion of these luminophores’ electronic transitions, as asserted by Demas and DeGraff145 in a report published some 25
years ago. These two pioneers in the development of ruthenium polypyridyl complexes as
oxygen-responsive luminophores began by drawing a simplified MO diagram like that in
Figure 11 for a generic complex [RuL3]2+. Here the  and * MOs originate with the aromatic ligands whereas the t2 and e sets of orbitals are derived from the initially degenerate metal d orbitals, which are split upon imposition of the pseudo-octahedral ligand field.

Figure 11. Simplified MO diagram for a coordination complex featuring a d 6 metal center in an
octahedral ligand field, redrawn from Demas and DeGraff.145

This energetic splitting, denoted  in the diagram, is considerable: molecules such as bpy
and phen are moderately strong-field ligands and ruthenium, as a member of the second
transition series, induces a larger splitting for a given set of ligands than would a transition
metal of lower atomic number in the same oxidation state.146
Various electronic transitions prompted by irradiation of the complex at suitable
wavelengths can now be envisioned in the context of this MO scheme. Broadly speaking,
these transitions can be classified as ligand-centered, metal-centered, or charge-transfer in
nature. The only ligand-centered (LC) transitions of any importance are those involving
promotion of an electron from a bonding  MO to an antibonding * MO; LC -*
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transitions would necessitate irradiation at much higher energies. In any case, such transitions are so strongly localized on L that they are virtually indistinguishable from those
of the free ligand—any perturbation by Ru2+ is quite minimal. Transitions between the t2
and e orbitals, on the other hand, are inherently metal-centered (MC) as indicated in Figure 11. Because these aptly termed d-d transitions involve the complex’s frontier orbitals,
they are of considerable importance in establishing its optical and spectroscopic properties. It must be borne in mind, though, that such transitions are formally forbidden by the
Laporte selection rule for octahedral species and are only rather weakly allowed even for
the complexes of reduced symmetry considered here. Finally, transitions can occur in
which a t2 electron nominally contributed by the Ru2+ ion is elevated to a ligand-based *
MO. This process is appropriately described as metal-to-ligand charge transfer (MLCT)
and, unlike a d-d transition, it is fully allowed so that the associated absorption is far more
intense. Because -diimine ligands are rather readily reduced and Ru(II) is susceptible to
oxidation, MLCT is the only process of this type relevant to the complexes under discussion. Charge transfer in the reverse sense—that is, LMCT—need not be considered.
Regardless of the type of transition induced by illumination, the singlet excited
state initially attained evolves to the analogous triplet excited state of lowest energy quite
rapidly under the influence of metal-mediated spin-orbit coupling. In the case of chargetransfer excitation, for example, the sequence S0  1MLCT  3MLCT describes conversion of a complex in its ground electronic state to one in the lowest triplet MLCT excited
state by way of a singlet MLCT excited state somewhat higher in energy.147 Population of
the lowest 3MLCT excited state is critical because this is the optimal emissive state for an
oxygen-sensitive luminophore. A 3-* state is usually too long-lived to enable efficient
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emission; luminescence is likely to be preempted by non-radiative relaxation during such
a state’s protracted lifetime. Population of a 3dd state is problematic for quite a different
reason: the e orbitals are essentially antibonding with respect to the ligands, which renders a complex in a 3dd state prone to dissociation. Inclusion of bidentate ligands counters
this photochemical instability to some extent because such a species will remain bound to
the central metal even if one of the metal-ligand bonds is cleaved. The second ligating
atom is thereby kept near the metal center, which facilitates its reattachment. Despite this
possibility of “annealing” or “self-healing,” however, a 3dd state is unquestionably one
associated with photodegradation for complexes of the type relevant here.
In conjunction with Figure 12 below, these factors shed new light on the superior
performance of Ru2+ as a central metal in luminophoric complexes based on polypyridyl
ligands. Consider the alternative 2,2'-bipyridine species [Fe(bpy)3]2+, a complex of the
first element of Group 8. As a member of the first transition series, iron of course has a
lower atomic number than its congener ruthenium and so the magnitude of the d-orbital
splitting in this complex is considerably smaller than the  value for [Ru(bpy)3]2+. With
less energy required to promote a t2 electron to one of the e orbitals, the 3dd state is lower

Figure 12. Energetic ordering of the lowest excited triplet states for tris(2,2'-bipyridine) complexes of dipositive iron, ruthenium, and osmium, adapted from Demas and DeGraff. 145 The
ground electronic state of each complex is denoted S0.
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in energy and hence more accessible for [Fe(bpy)3]2+. Population of this state not only
tends to destabilize the complex but also quenches much of its emission because the associated radiative transition is so weakly allowed. For [Os(bpy)3]2+, on the other hand, the
analogous 3dd state has been elevated to a far higher energy and the lowest-lying excited
state is 3MLCT in character. Unfortunately, the latter is now so low in energy—largely a
consequence of the ease with which Os(II) is oxidized—that overlap with excited vibrational levels of S0 suffices to enable ready non-radiative relaxation. [Ru(bpy)3]2+ is in
some sense the happy medium: its lowest-energy excited (and hence emissive) state is a
3

MLCT one, and yet this state is sufficiently separated from S0 to ensure that luminescent

emission remains competitive with non-radiative relaxation of the excited complex.

3.3 Ruthenium Polypyridyl Complexes as Oxygen and Pressure Sensors
3.3.1 Polymer Matrices
In light of their ionic character, ruthenium polypyridyl luminophores tend to be
less soluble in organic polymers than most of their metalloporphyrin counterparts. It is
primarily for this reason that polymers are somewhat less popular as supports for ruthenium complexes, although a wide variety of such binders have been assessed nonetheless.
Polymer matrices utilized in this capacity have included silicone rubbers,141,148 PS,149
PDMS doped with silica,150 steam-sterilizable polysulfone (PSU) and polyetherimide
(PEI),151 and poly(trimethylsilylmethyl methacrylate) (PTMSMMA) either alone or copolymerized with butyl or 1H,1H-heptafluorobutyl methacrylate.152 The comprehensive
study in which Draxler and colleagues37 investigated binders ranging from ethyl cellulose
to dioctyl-phthalate-plasticized PVC for use with [Ru(dpp)3](ClO4)2 was referenced in
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§1.3. McMurray et al.153 chose cellulose acetate (CA) plasticized with tributyl phosphate
(TBP) to prepare sensing films based on the tetraphenylborate salts of [Ru(bpy)3]2+ and
[Ru(4,4'-Me2bpy)3]2+. Then, nearly a decade later, Amao and coworkers154 developed
alumina plates coated with poly(acrylic acid) (PAA) or sodium poly(styrene-4-sulfonate)
(PSS) that were designed to enable the immobilization of [Ru(bpy)3]2+, [Ru(phen)3]2+, and
[Ru(dpp)3]2+ via electrostatic binding. Among the more novel matrices to have been employed were the amine-, acetoxy-, and methacryloxy-terminated siloxanes that Xu and
colleagues155 tested as alternatives to ordinary PDMS, in which [Ru(dpp)3]Cl2 is not appreciably soluble. Gp-134, EXP-34, PS 368.5, PS 363.5, and Gp-163—all commercial
products—were used to prepare suitably doped sensing films; several of these contained
cross-linkers such as methyl methacrylate, PS 079.5, or TGDA as well. Ultimately, pure

PS 368.5 was found to afford the best-performing sensor with a highly linear response.
In a follow-up study Kneas, Xu, Demas, and DeGraff156 blended Gp-163 with additives
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such as nonpolar styrene and moderately polar TMSMMA as well as the organosilanes
V5000 and V5100; the silylated methyl methacrylate emerged as the most promising additive in terms of its ability to increase quenching efficiency and improve the mechanical

properties of the Gp-163 films. Subsequent work with this matrix examined the effects
of the fluorinated methacrylates 3FEMA, 7FBMA, and 15FOMA as additives.48 Each of

these fluorocarbon components was shown to outperform its hydrocarbon analogue, in
keeping with the increased solubility and diffusivity of O2 generally associated with
fluorine-containing materials.
Some polymer-based sensing films and coatings have incorporated more exotic ruthenium polypyridyl complexes than those encountered thus far. For example, GarciaFresnadillo et al.39 prepared the tris(5-octadecanamide) derivative of [Ru(dpp)3]2+ for use
in their comparative study of ruthenium-based luminophores immobilized in NafionTM, a
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DuPont product described as an inert and gas-permeable ionomer. In 2010 another group
described the consolidation of luminophore and polymer matrix into a single chemical entity with a report of 3.4, a ruthenium complex with six “arms” of PS.157 More interesting

from the standpoint of luminophore photophysics, however, was a 2000 report describing
3.5 in a 1:1 copolymer of poly(ethylene glycol)ethyl ether and tri(propylene glycol) diacrylate denoted MPP.158 The matrix was selected for its reasonable O2 permeability and

its moderate polarity, but the most notable characteristic of 3.4/MPP was its approach to
ideality—that is, to a temperature-independent pressure response. Ji and coworkers speculated that this near-ideality, which they established empirically over the range 25-55 ºC,
stemmed from trapping of the excited complex in a 3-* state localized on the pyrenyl
substituent. Partial relaxation to the lowest-lying (and emissive) 3MLCT state would then
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require effective conjugation between the linked pyrenyl and bpy moieties. Because the
most stable conformation of the photoexcited luminophore presumably orients these aromatic systems more or less perpendicularly to one another, rotation about the bond linking
them to enable orbital overlap and hence energetic coupling should be a thermally activated process. The result was an activation energy for non-radiative relaxation comparable to that for luminescence quenching by oxygen so that the temperature dependences of
these processes essentially cancel out. Finally, syntheses of the structurally similar 3.6a,
3.6b, and especially 3.7 and 3.8 were achieved roughly a decade later.159 The authors of

this more recent paper did not comment on the temperature sensitivity (or lack thereof) exhibited by their various O2-sensing films fabricated from the aromatic polymer IMPES-C,
but they did emphasize that 3.6b/IMPES-C displayed an effective Stern-Volmer constant
K'SV higher than that of PtOEP under comparable conditions. The prototypical compound
[Ru(bpy)2phen](PF6)2 (3.9) was also prepared for purposes of comparison.
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3.3.2 Sol-Gel and Related Matrices
Whereas the literature on polymer-based oxygen and pressure sensors utilizing ruthenium polypyridyl luminophores appears to be less extensive than that addressing comparably fabricated sensors featuring metalloporphyrins, for siliceous matrices the situation
is reversed. A great many sensing films and coatings have been developed from sol-gels,
mesoporous silicas, and similar materials doped with luminophoric complexes of ruthenium. Each subset of silica-based sensors will now be considered in brief.
Sol-gels, occasionally prepared from either TMOS or TEOS alone but more often
fabricated from one of these in combination with an ORMOSIL precursor, have been the
siliceous supports most widely investigated and applied.31,52-54,160-170 Methyl-, ethyl-, npropyl-, and n-octyltriethoxysilane (MTEOS, ETEOS, nPrTEOS, and nOcTEOS, respectively) have all served as organosilicon precursors as have most of the trimethoxysilane
analogues, although a fluorinated component such as TFP-TMOS was sometimes selected
instead. Each of the above-referenced publications dealt only with such well-known luminophores as [Ru(bpy)3]2+ and [Ru(dpp)3]2+, but other ruthenium complexes have been
reported in a handful of cases. Leventis et al.171 synthesized 3.10a-b and 3.11a-b and then
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immobilized each in a TMOS aerogel, for example. Comparison of these sensors to a gel
doped with simple [Ru(phen)3]2+ revealed higher quenching efficiencies for 3.10b/TMOS
and 3.11b/TMOS: respective values of I0/I100 were about 56 and 48.5, versus 43 for the
traditional competitor.
With the exception of a paper by Zhang and colleagues172 detailing their in-house
preparation of a mesoporous silica from tetrabutyl orthosilicate (TBOS) and the surfactant
cetyltrimethylammonium bromide (CTAB, later destroyed via calcination) that was doped
with [Ru(bpy)3]Cl2, little has been published concerning luminophoric ruthenium species
physically immobilized in or on this type of matrix. However, in 2007 Lei and coworkers57 reported 3.12, a ruthenium polypyridyl complex in which one of the three bidentate
ligands had been specially functionalized to permit its covalent attachment to mesoporous

silica MCM-41 or SBA-15. Scheme 3 on the next page illustrates the authors’ preparative
route to the novel ligand (3.13). Two complementary protocols were implemented in the
ensuing fabrication of sensing phases, one based on preliminary bonding of the distinctive ligand to the support followed by treatment with cis-[Ru(dpp)2Cl2] and the other a
one-pot process that involved introduction of [Ru(dpp)2(3.13)]2+ into the precursor mixture for the chosen mesoporous silica. [Ru(dpp)2phen]Cl2 (3.14) was also synthesized via
a literature procedure142 and immobilized on each type of silica as a basis for comparison.
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Scheme 3. Conversion of commercial 1,10-phenanthroline to the triethoxysilane-terminated ligand utilized by Lei et al.,57 which enabled covalent linkage of a ruthenium complex to a mesoporous silica matrix. Ac denotes the acetyl group, –C(=O)CH3; thus AcOH is acetic acid and
AcONH4 is ammonium acetate. Oxidation was effected via a modification of the procedure reported by Hiort, Lincoln, and Norden,173 and the
second step paralleled syntheses of 2-substituted phenanthrimidazoles described by Steck and Day.174 Preparation of the ultimate product,
3.13, did not originate with Lei and colleagues but rather with Lenaerts et al.175 in 2005.

The one-pot product 3.12/MCM-41 displayed the highest quenching efficiency (I0/I100 =
20.48) and, although its K 'SV value was smaller than those of the other materials, the much
greater linearity of its Stern-Volmer plot bore noteworthy implications regarding ease of
sensor calibration. By 2011 efforts along similar lines had resulted in 3.15, the bis(phen)

analogue of 3.12 in which the hexagonally structured mesoporous silica MSU-3 substituted for the closely similar MCM-41.176 Chen and colleagues177 returned to MCM-41 in
their preparation of the decidedly distinct 3.16, however, depositing the mesoporous silica

onto Fe3O4 nanoparticles averaging 120 nm in diameter and then grafting the indicated
luminophore onto the composite thus obtained. The end product not only emitted oxygensensitive luminescence but was also magnetic due to the Fe3O4 cores—an interesting combination of properties suggesting such innovations as magnetic guiding during PSP application and perhaps even magnetically aided recovery of luminophores after use.
The trend toward covalent immobilization of ruthenium polypyridyl luminophores
described above has extended to at least one sensing platform based on “normal” silica—
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that is, non-mesoporous silica. Wang et al.178 published their preparation and characterization of 3.17, which was supported on SiO2 nanospheres, in 2011. Generally speaking,
however, the number of systems incorporating ruthenium-based luminophores and simple

silica matrices is not large. One 1999 publication explored the commercial fumed silicas
LM-130, HS-5, and EH-5 as binders for [Ru(dpp)3](ClO4)2;179 another during the same
year reported adsorption of [Ru(dpp)3]2+ onto ordinary silica gel for oxygen sensing.180
The latter study was perhaps more noteworthy for its inclusion of a somewhat unusual salt
as the source of the luminophoric complex: [Ru(dpp)3][(4-ClPh)4B]2 (3.18), in which the
anion is tetra(4-chlorophenyl)borate. A follow-up paper by the same authors referenced
an identical sensing phase and further elaborated on the flow-injection system that had
been utilized to calibrate the material in terms of its oxygen response,181 but evidently little work has been done with such matrices since. Sakaue, Miyamoto, and Miyazaki182 did
report pressure measurements with a dual-luminophore sensor in which [Ru(dpp)3]2+ and
blue-emitting quantum dots were both immobilized on a silica-gel TLC plate, the resulting
platform successfully capturing the motion of a high-pressure jet across the plate as it bent
downstream. Even so, it appears unlikely that such matrices will displace either polymer
supports or mesoporous silicas as a focus of research and development.
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3.3.3 Other Supports
Aside from various AA-PSPs, all of them based on [Ru(dpp)3]2+ as the emissive
component,183-186 films and coatings have been fabricated by immobilizing ruthenium
polypyridyl complexes in a dealuminated zeolite187 and in a titania sol-gel somewhat like
the siliceous sol-gels treated previously.188 More interesting, perhaps—especially with an
eye toward later chapters—was the 2008 report by Wang et al.47 describing their development of zirconium phosphate films doped with either [Ru(bpy)3]2+ or [Ru(dpp)3]2+. Those
films containing the latter were water-stable and superior in their sensing capabilities; for
the 20-layer film a low I0/I100 value of 2.76 was offset in part by short response and recovery times traceable to the material’s porosity. Finally, at least two reports of matrixfree oxygen sensors have appeared. The first described investigation of the compound
[Ru(phen)3](tfpb)2 (3.2b) among several [Ru(bpy)3]2+ and [Ru(phen)3]2+ salts,189 and the
second focused on the dimethylated analogue [Ru(5,6-Me2phen)](tfpb)2 (3.19).190 The
anion in each case, tetrakis(bis-3,5-trifluoromethylphenyl)borate, is depicted below.

3.3.4 Collected Data
Like the one that preceded it, the current chapter concludes with a tabulation of
quantitative results for many of the sensing platforms discussed throughout its constituent
sections. All parameters in Table 4 are as defined in the last subsection of §2.3.
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Table 4. Selected performance characteristics of oxygen-sensitive materials based on ruthenium polypyridyl luminophores.
Stern-Volmer Behavior
Response and
Range of O2
emis. Quenching
'
K
K
K
Sensor Formulation
Concentrations Recovery Times (s)
SV
SV1
SV2
(nm) Efficiency f1
–1
Assessed
tresponse trecovery
[(atm O2) ]
3.1a/RTV 118 silicone rubber
NR
≈ 2.68
0.57
5.3
0.52
3.3
0-100%
NR
NR
(authors’ film 1)
3.1a/RTV 118 silicone rubber
NR
NR
0.61
4.3
0.40
2.8
0-100%
NR
NR
(authors’ film 2)
3.2a/RTV 118 silicone rubber NR
≈ 4.90
0.65 15.0
1.1
10.1
0-100%
NR
NR
3.3b/RTV 118 silicone rubber NR
≈ 24.50
0.97
30
1.6
30
0-100%
NR
NR
3.3b/RTV 732 silicone rubber;
0-0.1 MPa
cLp ≈ 0.2 mM, film thickness 608
≈ 12.4
NR
NR
NR
NR
≈ 15
≈ 55
(N2 diluent)
0.1-0.5 mm
3.1a in sol-gel glass prepared
0-100%
NR
2.0
NR
NR
NR
NR
<5
<5
at a pH of 1
(N2 diluent)
3.3a in a sol-gel glass prepared
0-100%
NR
2.6
NR
NR
NR
NR
<5
<5
at a pH of 1
(N2 diluent)
3.3a in a sol-gel glass prepared
0-100%
NR
3.7
NR
NR
NR
NR
<5
<5
at a pH of 7
(N2 diluent)
3.3a/GP-134; 0.1 mg Lp per
620
NR
0.94 16.4
0
15
0-700 torr
NR
NR
film
3.3a/EXP-34; 0.1 mg Lp per
620
NR
0.983 17.3
0
17.0
0-760 torr
NR
NR
film
3.3a/(GP-134 + 0.9-20% silica
620
NR
NA
NA
NA
16.3
0-700 torr
NR
NR
by mass); 0.1 mg Lp per film
3.3a/PS 368.5; 0.1 mg Lp per
620
NR
0.998 65.7
0
65.6
0-760 torr
NR
NR
film
3.3a/(PS 368.5 + 2-5% silica
620
NR
NA
NA
NA
68.2
0-760 torr
NR
NR
by mass); 0.1 mg Lp per film

Ref.

32

148

160

155
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3.3b/PS (MW 240 000);
cLp = 1 mM, ≈ 6-m film
3.3b/PS; cLp ≈ 10 mM, ≈ 6-m
un-tempered film
3.3b/PS; cLp ≈ 10 mM, ≈ 6-m
tempered film
[Ru(bpy)3]2+/Zeolite Y, 6.25%
by mass in silicone polymer
E4; ≈ 50-m film
3.1a/(silica gel embedded in
crosslinked PDMS)
3.3b/PS; cLp = 1 mM, 6-m
film
3.3a/TEOS xerogel;
cLp = 0.01 mM
3.3a/(9:1 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM
3.3a/(8:2 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM
3.3a/(7:3 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM
3.3a/(6:4 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM
3.3a/(5:5 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

610

≈ 2.4

0.6

2.7

0.6

1.9

610

NR

0.6

2.6

0.76

1.9

610

NR

0.2

2.1

0.4

0.7

610

3.4

NR

NR

NR

NR

NR

3.3

0.66

7.0

0.7

4.8

NR

2.37

0.61

2.7

0.6

1.9

≈ 600

3.11

0.96

2.2

2.2

2

≈ 600

4.17

0.97 0.0047 0.0012 0.0046

≈ 600

4.67

0.95 0.0055 0.0013 0.0053

≈ 600

5.90

0.96 0.0093 0.0006 0.0090

≈ 600

5.94

0.95 0.0121 0.0007 0.0115

≈ 600

6.07

0.92 0.0146 0.0004 0.0135

Response and
Range of O2
Concentrations Recovery Times (s) Ref.
Assessed
tresponse trecovery
0-100% O2
NR
NR
(N2 diluent)
0-100% O2
NR
NR
149
(N2 diluent)
0-100% O2
NR
NR
(N2 diluent)
0-100% O2
(N2 diluent)
0-760 torr O2
(N2 diluent)
0-760 torr O2
(N2 diluent)
0-760 torr O2
(N2 diluent)
0-760 torr O2
(N2 diluent)
0-760 torr O2
(N2 diluent)
0-760 torr O2
(N2 diluent)
0-760 torr O2
(N2 diluent)
0-760 torr O2
(N2 diluent)

6-10

NR

NR

NR

187

150
NR

NR

NR

NR

NR

NR

NR

NR
161

NR

NR

NR

NR

NR

NR
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3.3a/(4:6 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM
3.3a/(3:7 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM
3.3a/(2:8 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM
3.3a/(1:9 TEOS:MTMOS)
bulk xerogel; cLp = 0.01 mM
3.3a/MTMOS bulk xerogel;
cLp = 0.01 mM
3.3a/TEOS spin-coated thin
film; cLp = 0.01 mM
3.3a/(9:1 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/(8:2 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/(7:3 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/(6:4 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/(5:5 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/(4:6 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/(3:7 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

≈ 600

6.22

0.92 0.0170 0.0002 0.0157

≈ 600

6.58

0.87 0.0268 0.0002 0.0233

≈ 600

7.44

0.92 0.0252 0.0001 0.0232

≈ 600

8.54

0.92 0.0295 0.0001 0.0271

≈ 600

10.17

0.92 0.0360 0.0003 0.0331

≈ 600

8.40

0.70 0.0266 0.0031 0.0196

≈ 600

7.69

0.63 0.0312 0.0033 0.0209

≈ 600

7.50

0.61 0.0318 0.0032 0.0206

≈ 600

7.05

0.84 0.0150 0.0013 0.0128

≈ 600

4.78

0.67 0.0123 0.0017 0.0088

≈ 600

4.00

0.52 0.0148 0.0019 0.0086

≈ 600

3.93

0.32 0.0220 0.0024 0.0087

≈ 600

3.07

0.22 0.0173 0.0019 0.0053

Response and
Range of O2
Concentrations Recovery Times (s) Ref.
Assessed
tresponse trecovery
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
161
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
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3.3a/(3:7 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/(2:8 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/(1:9 TEOS:MTMOS),
spin-coated; cLp = 0.01 mM
3.3a/MTMOS) spin-coated
thin film; cLp = 0.01 mM
3.3b/RTV silicone rubber;
cLp = 0.20 mM
3.3b/(RTV silicone rubber +
≈ 9% silica LM-130);
cLp = 0.22 mM
3.3b/(RTV silicone rubber +
≈ 9% silica HS-5 by mass);
cLp = 0.25 mM
3.3b/(RTV silicone rubber +
≈ 9% silica EH-5 by mass);
cLp = 0.27 mM
3.18/silica gel 60;
cLp < 0.1 mmol (g silica) – 1

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

Response and
Range of O2
Concentrations Recovery Times (s) Ref.
Assessed
tresponse trecovery
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
161
0-760 torr O2
NR
NR
(N2 diluent)
0-760 torr O2
NR
NR
(N2 diluent)
0-1 atm O2
25 ± 6
48 ± 6
(N2 diluent)

≈ 600

3.07

0.22 0.0173 0.0019 0.0053

≈ 600

2.56

0.21 0.0108 0.0014 0.0034

≈ 600

2.35

0.30 0.0065 0.0012 0.0028

≈ 600

2.30

0.54 0.0044 0.0007 0.0027

598

6.31

NR

NR

NR

NR

598

13.7

NR

NR

NR

NR

0-1 atm O2
(N2 diluent)

27 ± 7

64 ± 8

598

14.6

NR

NR

NR

NR

0-1 atm O2
(N2 diluent)

30 ± 5

74 ± 10

598

14.4

NR

NR

NR

NR

0-1 atm O2
(N2 diluent)

24 ± 4

72 ± 8

≈ 5.55
(I0/I0.55%)

<1

0.46

2200

490

1300

0-0.55% O2
(N2 diluent)

< 0.2

604

≈ 4.3

0.84

11.7

0.62

9.9

3.13

0.232

31.5

1.5

8.5

3.5/(1:1 PEGEM:TPGDA);
640
cLp = 1% by mass
3.3a/(1.2:1 TMOS:nPrTMOS)
> 565
pin-printed xerogel

0.005-1 atm
air
0-100% O2
(N2 diluent)

179

(N2  (0.55% O2
0.55% O2)  N2)

181

NR

NR

158

7±2

NR

162
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3.3a/TEOS xerogel aged for 3
months; 20 nmol Lp per film
3.3a/TEOS xerogel aged for 5
months; 20 nmol Lp per film
3.3a/(1:4 nOcTEOS:TEOS)
xerogel aged for 6 weeks;
20 nmol Lp per film
3.3a/(1:4 nOcTEOS:TEOS)
xerogel aged for 11 months;
20 nmol Lp per film
3.3a/(2:3 nOcTEOS:TEOS)
xerogel aged for 6 weeks;
20 nmol Lp per film
3.3a/(2:3 nOcTEOS:TEOS)
xerogel aged for 11 months;
20 nmol Lp per film
3.3a/(1:1 nOcTEOS:TEOS)
xerogel aged for 3 months;
20 nmol Lp per film
3.3a/(1:1 nOcTEOS:TEOS)
xerogel aged for 11 months;
20 nmol Lp per film
3.3a/(3:2 nOcTEOS:TEOS)
xerogel aged for 6 weeks;
20 nmol Lp per film

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

Response and
Range of O2
Concentrations Recovery Times (s) Ref.
Assessed
tresponse trecovery
0-100% O2
NR
NR
(N2 diluent)
0-100% O2
NR
NR
(N2 diluent)

> 570

≈ 9.5

0.76

100

1.3

77.8

> 570

≈ 5.8

0.55

70

1.6

38.1

> 570

8.99

NA

NA

NA

8.6

0-100% O2
(N2 diluent)

NR

NR

> 570

8.99

NA

NA

NA

7.7

0-100% O2
(N2 diluent)

NR

NR

> 570

12.06

NA

NA

NA

11.0

0-100% O2
(N2 diluent)

NR

NR
163

> 570

12.06

NA

NA

NA

11.2

0-100% O2
(N2 diluent)

NR

NR

> 570

14.37

NA

NA

NA

13.8

0-100% O2
(N2 diluent)

NR

NR

> 570

14.37

NA

NA

NA

12.6

0-100% O2
(N2 diluent)

NR

NR

> 570

16.48

NA

NA

NA

14.2

0-100% O2
(N2 diluent)

NR

NR
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3.3a/(3:2 nOcTEOS:TEOS)
xerogel aged for 11 months;
20 nmol Lp per film
[Ru(dpp)3]2+/PAA; alumina
substrate
[Ru(dpp)3]2+/PSS; alumina
substrate
[Ru(phen)3]2+/PAA; alumina
substrate
[Ru(phen)3]2+/PSS; alumina
substrate
[Ru(bpy)3]2+/PAA; alumina
substrate
[Ru(bpy)3]2+/PSS; alumina
substrate
3.3a/(nPrTMOS/TFP-TMOS)
hybrid xerogel; cLp ≈ 0.8 mM
3.14/SBA-15; cLp = 0.081 mg
per gram of silica
3.12/SBA-15 (one-pot);
cLp = 0.089 mg (gram silica) – 1
3.12/SBA-15 (two-step);
cLp = 0.077 mg (gram silica) – 1
3.14/MCM-41; cLp = 0.149 mg
(gram silica) – 1

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

> 570

16.48

NA

NA

NA

15.6

610

2.30

0.55

30.0

0.15

17

606

3.73

0.64

146

0.19

94

590

1.15

0.51

20.8

0.090

11

600

2.29

0.52

81.7

0.014

42

579

1.12

0.51

19.0

0.023

9.7

590

1.72

0.50

26.0

0.020

13

> 550

35

NA

NA

NA

34

≈ 595

13.89

0.95

54.32

(0)

51.60

≈ 595

12.06

0.87

86.66

0.82

75.50

≈ 595

8.24

0.83

62.93

0.53

52.32

≈ 595

17.07

0.95

75.20

0.11

71.45

Response and
Range of O2
Concentrations Recovery Times (s) Ref.
Assessed
tresponse trecovery
0-100% O2
(N2 diluent)
0-100% O2
(Ar diluent)
0-100% O2
(Ar diluent)
0-100% O2
(Ar diluent)
0-100% O2
(Ar diluent)
0-100% O2
(Ar diluent)
0-100% O2
(Ar diluent)
0-100% O2
(N2 diluent)
0-100% O2
(N2 diluent)
0-100% O2
(N2 diluent)
0-100% O2
(N2 diluent)
0-100% O2
(N2 diluent)

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

<5

NR

4.0

27.5

15.5

42.5

163

154

166

57
11.5

47.5

3.2

20.6

Table 4. (continued)
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emis. Quenching
(nm) Efficiency

3.12/MCM-41 (one-pot);
≈ 595
cLp = 0.145 mg (gram silica) – 1
3.12/MCM-41 (two-step);
≈ 595
cLp = 0.126 mg (gram silica) – 1

20.48

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]
0.99

26.43

0

93

14.66

0.92 201.55

0.03

3.2b (pure luminophoric solid) NR

3.43

NA

NA

NA

3.19 (pure luminophoric solid) NR

1.83

NA

NA

NA

3.3a/(PhTEOS/TFP-TMOS)
xerogel
3.3a/(MTEOS/TFP-TMOS)
hybrid xerogel
3.3a/(ETEOS/TFP-TMOS)
hybrid xerogel
3.3a/(nPrTEOS/TFP-TMOS)
hybrid xerogel
3.4 (single Lp/matrix entity)
3.6a/IMPES-C; cLp = 20 nmol
per mg matrix; 13-m film
3.6b/IMPES-C; cLp = 20 nmol
per mg matrix; 19-m film
3.7/IMPES-C; cLp = 20 nmol
per mg matrix; 13-m film

NR

≈ 8.8

NA

NA

NA

NR

≈ 15.3

NA

NA

NA

NR

≈ 21.6

NA

NA

NA

NR

≈ 22.2

NA

NA

NA

610

≈ 1.35

NA

NA

NA

626

1.7

0.50

4.0

0.00

667

6.1

0.82

320

0.00

620

5.1

0.78

160

0.00

Response and
Range of O2
Concentrations Recovery Times (s)
Assessed
tresponse trecovery
0-100% O2
26.17
13.5
22.0
(N2 diluent)
0-100% O2
185.43
7.5
22.5
(N2 diluent)
0-1.0 mole
2.51
fraction O2
NR
NR
(N2 diluent)
0-1.0 mole
0.86
fraction O2
NR
NR
(N2 diluent)
0-100% O2
8.1
NR
NR
(N2 diluent)
0-100% O2
14.8
NR
NR
(N2 diluent)
0-100% O2
20.4
NR
NR
(N2 diluent)
0-100% O2
20.8
NR
NR
(N2 diluent)
0.35 N2, air, and O2
NR
NR
0-760 torr O2
2.1
≈ 0.8
≈ 4.5
(N2 diluent)
0-760 torr O2
270
NR
≈ 4.5
(N2 diluent)
0-760 torr O2
120
NR
NR
(N2 diluent)

Ref.

57

189

190

53

157

159

Table 4. (continued)
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3.8/IMPES-C; cLp = 20 nmol
per mg matrix; 18-m film
3.9/IMPES-C; cLp = 20 nmol
per mg matrix; 18-m film
3.17/silica nanospheres

94

3.15/MSU-3 in which Lp is
physically incorporated;
cLp = 0.181% by mass
3.15/MSU-3 in which Lp is
covalently bound;
cLp = 0.394% by mass

emis. Quenching
(nm) Efficiency

Stern-Volmer Behavior
KSV1
KSV2
K 'SV
f1
[(atm O2) – 1]

631

4.5

0.76

190

0.00

594

1.68

0.45

8

0.2

596

2.13

0.9923

1.056

0.008

NR

4.95

0.71

49.81

0.52

Response and
Range of O2
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CHAPTER 4: OTHER COORDINATION COMPLEXES AS LUMINOPHORES
4.1 Introductory Remarks
Figure 13 indicates the twelve transition and inner-transition elements that have
been incorporated into luminophores displaying oxygen (and hence pressure) sensitivity.
Luminophoric complexes of ruthenium were addressed at length in the preceding chapter.
Another of these twelve elements, palladium, appears to have been incorporated only into
metalloporphyrin luminophores to date and so it too will be considered no further in the
present chapter. On the other hand, despite the ubiquity of platinum in oxygen-sensing
metalloporphyrins, this element has been employed in various non-porphyrin coordination
complexes as well; the latter are the subject of §4.6. Finally, two p-block elements—lead
and aluminum—have appeared as central metals in a small number of luminescent species
that are described in the concluding section.

Before proceeding to survey each of the remaining classes of luminophores, two
points should be made concerning Figure 13. First, the increased strength of spin-orbit
coupling with increasing atomic number is apparent upon even cursory examination of the
coupling constants listed and aids in rationalizing the clustering of metals suitable for O2sensitive luminophores toward the bottom of the periodic table. In addition, the tendency
of most such metals to exhibit low oxidation states is noteworthy. Rhenium, for instance,
is familiar as the only moderately oxidizing ReO4 – ion that nominally contains Re(VII)
and yet as a luminophore component it is encountered solely as Re(I). This preference for
low oxidation states originates in the nature of most complexes’ emissive electronic states.
As for ruthenium polypyridyls, these excited states are usually MLCT in character. It follows that the central metals must be somewhat reducing—hence the low oxidation states.
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Figure 13. Abridged periodic table indicating transition and inner-transition metals incorporated into oxygen- and pressure-sensitive
luminophores. For each of the metals highlighted, the parenthesized Roman numeral indicates its oxidation state in reported luminophores.
An approximate spin-orbit coupling constant () then appears in Arabic numerals. Most of the latter values were obtained from Ref. 191
and are specific to the indicated oxidation states, although the  values for osmium192 and iridium193 lack such specificity. Coupling
constants for the three lanthanides of interest were taken from Ref. 194.

4.2 Group 6: Molybdenum
The hexanuclear molybdenum chloride cluster Mo6Cl12 · 2CH3CN (4.1) appears to
be the only example of an oxygen-sensitive luminophore incorporating this metal that has
been reported to date.195 As indicated by the representation below, four chloride ions are
apically situated and thus differ from the remaining eight Cl – ions that define the vertices
of a cube but might more meaningfully be viewed as bridging the eight faces of the Mo
octahedron. Reformulating the complex as [Mo6Cl8]Cl4(CH3CN)2 emphasizes such structural distinctions. Initially assessed in the exceptionally O2-permeable binder PTMSP, 4.1

yielded sensing films with I0/Iair = 5.5 for luminescence peaking at approximately 760 nm.
Subsequent immobilization of 4.1 in a TEOS sol-gel matrix dip-coated onto quartz slides
reduced I0/Iair to 1.3, although heating the films to 200 ºC for one hour increased this
measure of quenching efficiency to 1.7.196 Additional reports of sensing films or coatings
based on this luminophore have not been forthcoming, but its remarkable thermal stability
may spur further study for specialized high-temperature applications.

4.3 Group 7: Rhenium
Relative to molybdenum, rhenium gives rise to a far more diverse class of oxygenresponsive luminophores. Sacksteder, Demas, and DeGraff38 reported no fewer than 13
97

such complexes in 1993, all of the form fac-[ReL(CO)3CNR]+ with the -diimine ligand
L and the alkyl group R of the isonitrile ligand varied systematically. As discussed briefly

in §1.3, the authors’ principal aim in this case was not the development of practical oxygen or pressure sensors but rather the investigation of steric effects on K 'SV , the composite
Stern-Volmer constant used to describe luminescence quenching by O2 in a heterogeneous
medium. While the identity of L proved to be important in dictating the fraction of easily
quenched complexes and ultimately the value of K 'SV , the size of R was almost inconsequential—hardly surprising given that each complex’s quenchable emission arose from a
3

MLCT excited state derived by promoting a Re(I) d electron to a * MO centered on L.

The resulting accumulation of unpaired electron density on L ensured that O2 would interact with this ligand preferentially during the quenching process. K 'SV attained a maximum
value of 150 (atm O2) – 1 for 4.2k in the silicone rubber RTV 118 universally employed as
the luminophore matrix, but photodecomposition was problematic for all of the complexes
and would have precluded their wider use. Substitution of a chloride ion for the isonitrile
ligand conferred greater photostability on the otherwise analogous complexes 4.3a-e evaluated some five years later, which were immobilized in a modified PDMS containing
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9% trimethylsilylmethyl methacrylate by mass.197 Quenching was most pronounced with
4.3c as the luminophoric dopant, though I0/I100 was a modest 3.9 even in this case. Films
containing 4.3e and 4.3d exhibited respective I0/I100 values of 3.7 and 3.4 and thus were
competitive with the material based on 4.3c, but corresponding intensity ratios for the remaining sensors were considerably lower.
By 2011 researchers had shifted their focus to the dinuclear rhenium complex 4.4,
which was tested as an oxygen-sensitive luminophore in mesoporous silicas MCM-41 and

SBA-15.198 The latter proved superior as a matrix for this complex: I0/I100 was measured
to be 20.1 as opposed to just 5.6 for 4.4/MCM-41. This difference was attributed in part
to the larger pores of SBA-15, which were expected to facilitate diffusion of O2 and thereby account for 4.4/SBA-15’s faster response as well. A subsequent publication confirmed
these results and the K 'SV value originally reported for 4.4/SBA-15, 120 (atm O2) – 1.199 In
addition, computational optimization of the luminophore’s structure indicated the rings of
the bridging 4,4'-bipyridine ligand to be nearly perpendicular to each other; the optimized
measure of the dihedral angle between them was 86.65º. This implied inefficient conjugation across the bridging ligand and hence little electronic interaction between the metal
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centers. The role of the long alkyl chains appended to the phenanthroline ligands was also
clarified—they were meant to serve as flexible shields for the unpaired electron density
localized on these ligands, hindering premature deactivation of the emissive 3MLCT state.
Still more recently, interest in mononuclear complexes of rhenium(I) was renewed with a
2013 report of oxygen sensing by 4.5 adsorbed onto polyvinylpyrrolidone (PVP) nanofibers.200 These luminophore-studded fibers were deposited onto aluminum substrates by

electrospinning. The resulting films exhibited response times comparable to and recovery
times much shorter than those of 4.4/SBA-15 as well as linear Stern-Volmer plots over the
entire 0-100% concentration range of O2. These advantages were countered to some extent by reduced quenching efficiencies, however: even at the optimal luminophore loading of 5.8% by mass, I0/I100 for the 4.5/PVP sensor thusly fabricated reached a mere 3.91.

4.4 Group 8: Osmium
As a congener of ruthenium, osmium has been the subject of a handful of studies
on oxygen- and pressure-sensitive complexes. In light of the discussion of electronic transitions and the energies of relevant orbitals and spectroscopic states in §3.2, it is scarcely
surprising that osmium analogues of ruthenium polypyridyl luminophores cannot compete
purely in terms of oxygen-sensing capability. Complexes 4.6a-b and 4.7a-b, for instance,
were tested in a commercial methyldiacetoxy-terminated PDMS; the derived sensors’ KSV
100

and I0/I100 values were unimpressive, 4.6a yielding the best-performing platform with a
Stern-Volmer constant of 3.5 (atm O2) – 1 and a quenching efficiency of 4.5.201 That said,

a 2010 paper suggested that the final word on osmium as a central metal in luminophoric
complexes had not yet been written. In that year, Carlson and colleagues202 reported their
results for the novel luminophores 4.8 and 4.9 immobilized in FIB, the fluoroacrylic polymer introduced in §2.3 as a binder for metalloporphyrins. With I0/Iair = 13.39 and a KSV

value estimated to be 59.0 (atm O2) – 1, 4.8/FIB outperformed not only 4.9/FIB but also an
iridium(III) complex containing three bidentate ligands virtually identical to those of 4.8
and distributed in the same matrix. Even PtTFPP/FIB, which was assessed for purposes
of comparison at the same luminophore loading level (0.2% by mass), displayed a slightly
lower value of I0/Iair. Clearly, then, osmium-based luminophores merit continuing study.
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4.5 Group 9: Iridium
After ruthenium, platinum, and perhaps palladium, iridium assuredly has appeared
in more publications on luminescent coordination complexes responsive to oxygen and to
pressure than any other metal. The realm of iridium-based luminophores is a microcosm
of the fields of metalloporphyrin and ruthenium polypyridyl luminophores in the sense
that luminescent iridium complexes have been developed for use with both polymer and
non-polymeric matrices. Included among the complexes designed for coatings based on
polymer binders is 4.10a, whose pendant vinyl group enabled its covalent linkage to a
hydride-terminated PDMS to afford 4.10b.203 The latter showed greater oxygen sensitivity
than did a simple dispersion of 4.10a in ordinary PDMS, and 4.10b could also be blended
with PS to further improve its overall performance. Immobilization via covalent bonding

then became the rule in the development of other polymeric materials incorporating iridium complexes as luminophores. Building on the prior report of 4.10b, for example, Köse
et al.204 prepared the structurally similar complex 4.11 and introduced it into PS to enable
casting of O2-responsive films. Blending with PS was necessary in this case because, at
room temperature, pure 4.11 was a viscous liquid unsuitable for the fabrication of sensing
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films or coatings. More novel variants of the polymer-bound iridium luminophore appeared in 2011 with a report of 4.12a and its covalent attachment to amine-functionalized
PDMS.205 The materials thus obtained, 4.12b-c, were both water-soluble—a characteristic

that distinguished them from most other PSPs and that was asserted to render them less
hazardous and more easily recyclable. Despite the manifest interest in polymer-tethered
luminophores, however, not every iridium complex ultimately incorporated into a polymer matrix was bound covalently. Achatz and colleagues206 selected the Ir(III) coumarin
complex 4.13 for physical immobilization in EC as part of a sensing platform employing
Yb- and Tm-doped NaYF4 nanoparticles for excitation. Upon NIR irradiation at 980 nm

with a diode laser, these “upconverting” nanoparticles displayed dual red and blue emission; the latter overlapped strongly with an absorption band of 4.13 at 468 nm and thereby
induced the complex’s oxygen-sensitive luminescence.
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In 2012, Marín-Suárez and coworkers207 investigated 4.14a-c doped into PS membranes containing the plasticizer o-cyanophenyl octyl ether and found 4.14c/PS to perform
best among this group of sensors. More noteworthy was the authors’ extension of their
study to the matrix AP200/19, a nanostructured aluminum oxide-hydroxide support somewhat analogous to the mesoporous silicas referenced as matrices for other types of luminophores. Use of this material enabled the fabrication of an even more oxygen-sensitive
membrane, 4.14a/(AP200/19), for which K 'SV exceeded 700 (atm O2) – 1. These findings
were consistent with those of a prior study in which AP200/19 had been assessed alongside other nanostructured matrices such as ZrO2 and SiO2 as a candidate for incorporation
into pressure-sensitive coatings.208 The best sensing phase in this earlier work proved to
be 4.15/(AP200/19), although the specified matrix was less optimal as a binder for an anionic luminophore analogous to 4.15 but containing two N-bonded SCN – ligands in place

of the disubstituted bipyridine. The highest oxygen sensitivity yet reported for a coating
composed of this nanostructured support and an Ir-based luminophore, however, was that
of 4.16b/(AP200/19): K 'SV = 2221 ± 188 (atm O2) – 1.209 Structural parallels among 4.14a-c
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and 4.16a-d are apparent, and the publication in which the latter set of complexes was described might be viewed as an immediate precursor of the 2012 paper referenced above.

More exotic media have also been used to support and immobilize luminophoric
iridium complexes, such as the sodium montmorillonite clay chosen by Morimoto et al.210
for the fabrication of hybrid Langmuir-Blodgett sensing films containing 4.17a and 4.17b.

In a further-reaching development, Xie and coworkers211 reported their preparation of coordination polymers incorporating iridium-based luminophores as early as 2010. Sometimes termed metal-organic frameworks (MOFs), such “polymers” are known in general
for their high porosities and crystallinity.212 The best-performing MOF identified by Xie
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et al. was 4.18, in which the fac coordination geometry about each iridium center enforced
a conical arrangement of the carboxylate groups appended to the bidentate ligands. These

anionic moieties on the periphery of each luminophore in turn coordinated zinc ions, the
latter arranged tetrahedrally about a 4-O center as shown to form the Zn4O(carboxylate)6
subunits from which the MOF was constructed. In absolute terms, the oxygen sensitivity
of 4.18 was unremarkable: I0/I100 was approximately 2.4 and KSV a mere 1.4 (atm O2) – 1.
Improvements in both parameters followed with the synthesis of 4.19a, which was part of

a new series of coordination polymers investigated by Ho and coworkers. 213 The cobalt
and nickel analogues as well as a zinc-containing variant with a different structure were
106

insufficiently sensitive to O2, but 4.19a outperformed 4.18 in terms of both quenching
efficiency (I0/I100 = 3.8) and sensitivity [KSV = 2.820 (atm O2) – 1]. Still better performance
was realized with 4.20, another heterobimetallic MOF, just last year.214 For this material,

which can be formulated [Pb4Lp4I4(DMF)2] and was assessed as the decahydrate, I0/I100
reached 5.9 and KSV was stated as 5.11 (atm O2) – 1. Equally notable in the context of crystalline iridium-based sensing films was a 2015 paper describing studies of 4.21a-e with no
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matrix at all.215 In other words, microcrystalline thin films composed of the pure luminophoric complexes were deposited and their responses to oxygen then assessed. Quenching
efficiencies and sensitivities varied widely; 4.21d emerged as the most effective sensing
film with I0/I100 = 7.52, although this intensity ratio was even higher for 4.21e as a loose
powder. Li and colleagues rationalized these species’ superior performance on the basis
of steric bulk associated with their R1 groups, which was proposed to result in less efficient packing of the complexes and hence a more porous structure facilitating penetration
of O2.

4.6 Group 10: Non-Porphyrin Complexes of Platinum
Despite the preponderance of metalloporphyrins among all of the Pt(II) complexes
that exhibit O2-sensitive luminescence, other platinum-based luminophores are known as
well. Those that have been incorporated into polymer binders for sensor fabrication include 4.22, which was assessed in PDMS and PS by Donckt et al.,216 and the tetraphenylborate salt 4.23 that Kostov and Rao217 immobilized in cellulose acetate plasticized with
various quantities of triethyl citrate. The most responsive polymer-bound luminophore of

this type, however, was the carbazole-capped 4.24 reported by Wu and coworkers218 as
one of three complexes that they examined in the commercial binder IMPEK-C. Relative
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to films doped with 4.25a and 4.25b, 4.24/IMPEK-C gave rise to a higher K 'SV value and
a quenching efficiency of 71.1—more than six times the ratio I0/I100 for either competitor.

A different approach, namely covalent immobilization of luminophores in silicabased matrices, was considered at length in §3.3 for ruthenium polypyridyl complexes but
has not yet been discussed in connection with platinum-centered species. At least two examples have appeared in the literature, however. The first such platform, 4.26b, was generated by treating 4.26a with 3-aminopropyltriethoxysilane and co-condensing the product

with TEOS.219 At 2.4, I0/I100 was too low for 2.6b to be considered a viable candidate for
practical oxygen or pressure sensing. The much more recently reported 4.27, superficially
similar to 4.26b but featuring 2,2':6',2"-terpyridine as the tridentate ligand, was judged
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more promising by comparison despite its assessment over only a narrow range of oxygen
concentrations.220 This newer material was synthesized in a manner essentially the reverse

of that employed to obtain 4.26b: a previously prepared mesoporous silica was functionalized with 3-aminoproplytrimethoxysilane and then treated with a terpyridine complex
of Pt(II) bearing a readily displaced Cl – ligand to afford 4.27. SBA-15, MCM-41, and
MCM-48 were all tested as supports; 4.27/MCM-48 possessed the highest Stern-Volmer
constant and quenching efficiency under ambient O2 pressures ranging from 0 to 10 torr.

4.7 Group 11: Gold and Copper
The class of oxygen-sensitive luminophores based on gold is not an extensive one,
limited (as it appears to be) to just one mononuclear and two nearly identical dinuclear
complexes of Au(I). Two of these, 4.28a and 4.29, were described in a single 1997 paper
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by Mills and coworkers221 in which these authors reported their assessment of no fewer
than eight different polymers as supporting matrices. The best binder, considered to be
the one that maximized the Stern-Volmer constant of each sensor, was identified as highmolecular-weight PS. Dinuclear 4.28a also proved to be the more effective of the two luminophores, its phosphorescent emission thought to arise from an electronic interaction
between the proximate Au(I) centers, and so it is hardly surprising that a variant of this
complex was the subject of a follow-up investigation some years later. Substitution of an
iodide ion for each chlorido ligand to obtain 4.28b and replacement of the PS matrix with
a sol-gel based on MTMOS resulted in a sensing film with an effective Stern-Volmer
constant of about 67 (atm O2) – 1, far in excess of the value attained with 4.28a/PS.222
Sensing of O2 with the copper-centered luminophore 4.30 was reported in 2009.223
This was a significant development in the field of quenchometric oxygen and pressure
sensors because it demonstrated the potential of a complex based on an inexpensive and
readily available transition metal—a marked contrast to the platinum-, palladium-, and
ruthenium-based luminophores so often employed. The cuprous complex was adsorbed
onto MCM-41 at loading levels of 40, 60, and 80 mg per gram of the mesoporous silica,

the intermediate loading giving rise to the best-performing film with K 'SV = 28 (atm O2) – 1
and I0/I100 = 4.35. Another publication during the same year expanded the range of Cu(I)
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complexes assessed to 4.31a-d and presented results for sensors fabricated from SBA-15
as well as MCM-41.224 The best sensing phase among these materials was 4.31a/SBA-15,
whose quenching efficiency (I0/I100 = 7.44) and K 'SV value of 171 (atm O2) – 1 marked it as
decidedly superior even to 4.31a/MCM-41 at the optimal 60 mg g – 1 luminophore loading.

Some later work dispensed with a supporting matrix altogether, 4.32 and 4.33a-c
being assessed as thin microcrystalline films on brass substrates.225 The coating prepared
from 4.33a was the most responsive to O2. Although the associated quenching efficiency
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(6.1) and especially the Stern-Volmer constant [5.82 (atm O2) – 1] were lower than respective values for, say, 4.31a/SBA-15, calibration plots for 4.33a showed excellent linearity
across the entire 0-100% range of oxygen concentrations. Other studies have examined
luminophoric cuprous complexes with polymer supports. For instance, the naphthalenylbearing compound 4.31c previously described by Shi and Li224 and represented more fully
below was selected for immobilization on PS nanofibers in a 2011 study.226 To prepare
nanofibrous sensors featuring this luminophore, Wen and colleagues added 4.31c to DMF

solutions of PS and then fabricated the composite fibers by electrospinning. Such materials could not match 4.34 in the silicone rubber RTV-118, however, at least in terms of O2

Figure 14. Structure of 4.34.227 The cage-like motif is apparent, as are the apertures that admit
O2. Each carbon atom bears an ethyl group, but these have been omitted for clarity.
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sensitivity.227 This species, structurally a porous Cu(I) triazolate framework, exhibited a
quenching efficiency of 355.8 as the pure microcrystalline solid. Its incorporation into
RTV-118 reduced I0/I100 to 116.8 but substantially increased stability to air and moisture.
Advances in copper-based sensing platforms extended into 2015 with a report of
4.35a and 4.35b applied to the aluminum oxide-hydroxide support AP200/19.228 The
former luminophore, identical to 4.33a except for its counter anion, yielded the superior
sensor with the chosen medium. More interesting, perhaps, were the synthesis and char-

acterization of 4.36 by Hui et al.229 This compound’s preparation exemplified key aspects
of rational luminophore design in that the authors ethylated the non-coordinating nitrogen

atom of the heterocyclic ligand quite deliberately. Discouraging - stacking between luminophores to increase their accessibility to O2 was the ultimate goal, and 4.36/MCM-41
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films did in fact exceed other coatings based on this particular mesoporous silica in terms
of oxygen responsiveness. Parameters describing the performance of 4.36/MCM-41 with
60 mg of the luminophore per gram of silica—once again the optimal level of emissive
dopant—included I0/I100 = 5.56 and K 'SV = 163 (atm O2) – 1.

4.8 Lanthanides
Excepting a 2001 publication describing the electrically neutral terbium(III) complex 4.37, which was deposited onto alumina and tested as an oxygen sensor by Amao et
al.,230 the story of lanthanide-based luminophores is that of a handful of complexes containing tripositive europium and gadolinium. Some of the first Eu(III) species to be tested

for O2 and pressure sensitivity were 4.38, a dihydrated analogue without phenanthroline,
and the additional hydrated complexes [Eu(pta)3] · 2H2O and [Eu(fod)3] · 2H2O.231 Amao,
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Okura, and Miyashita immobilized each of these four species in a copolymer of styrene
and 2,2,2-trifluoroethyl methacrylate from which they fabricated films 50 to 80 m thick.
The quenching efficiencies and Stern-Volmer constants were unimpressive; 4.38 gave the
best sensor, for which I0/I100 was 2.40 and KSV a meager 1.5 (atm O2) – 1. Calibration plots
were linear in all cases, however, and the reasonable photostability of the film doped with
4.38 bolstered its appeal. The authors also discussed the photophysics of their reported
complexes in brief, characterizing the oxygen-sensitive luminescence as an essentially
metal-centered phenomenon. Following radiative excitation of a ligand to its first excited
singlet state and evolution of S1 to T1 by means of intersystem crossing, ligand-to-metal
energy transfer was asserted to occur with the ensuing 4f-4f transition responsible for the
observed emission peaking at 612 nm.
With Gd(III) as the central metal, the situation is somewhat different. The relevant
excited state of this ion is sufficiently far above the first excited triplet state of a typical
ligand in a luminophoric complex that energy transfer of the type described for a Eu(III)
complex is not feasible. Instead, the gadolinium center affects the photophysics of the luminophore by promoting ligand-based intersystem crossing via the heavy-atom effect—in
other words, gadolinium serves much the same purpose as most of the transition metals
discussed previously. Preliminary assessment of the metalloporphyrin GdTFPP as an oxygen sensor was made in 2007,232 but a much more extensive study of gadolinium-based
luminophores and their europium analogues was published in 2014 by Borisov et al.233
PS served as the matrix for each of 4.39a-d and 4.40a-b. Among the six complexes thus
immobilized, 4.39a emerged as the most sensitive although all three gadolinium species
gave films with K 'SV values on the order of 750 (atm O2) – 1. Quenching efficiencies were
116

some twenty times greater for the gadolinium complexes than for those incorporating europium as well. Thus, despite the reduced photostability of the former, luminophoric Gd
complexes in general are expected to remain the subjects of research and development.

4.9 Contributions from the p-Block
In 1997, Alava-Moreno and coworkers234 reported the lead(II) complexes 4.41a
and 4.41b to display moderately oxygen-sensitive luminescence centered at 638 nm and
625 nm, respectively. Sulfonated species were selected for investigation at least in part
because of their net negative charges, which enabled the immobilization of each complex

on a basic anion-exchange resin. The 8-hydroxyquinolinate aluminum complex 4.42 was
then described as an oxygen-responsive luminophore during the following year.235 The
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latter was a somewhat surprising development in view of this central metal’s low atomic
number and correspondingly minimal ability to induce spin-orbit coupling, though perhaps the iodine substituents borne by the bidentate ligands collectively serve to offset this
deficiency. In any case, despite the low cost of 4.42 and its demonstrated photostability
in the 1:1 TMOS:MTMOS sol-gel matrix utilized by Costa-Fernández and colleagues, no
subsequent studies seem to have appeared in the chemical literature.
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CHAPTER 5: PHOSPHATES AND PHOSPHONATES OF ZIRCONIUM
5.1 The Structural Prototype: -Zirconium Phosphate
-Zirconium phosphate is a self-assembling layered material that has been studied

extensively in its own right and also as the parent of a diverse family of phosphonate derivatives. It is synthesized via reaction of a water-soluble Zr(IV) source such as hydrated
zirconyl chloride with phosphoric acid.236 Clearfield and Smith237 were the first to report
its crystal structure, which revealed each phosphate group to be bound to three different
zirconium atoms. These anionic groups protrude above and below planes defined by the
zirconium centers, creating a material in which essentially parallel planes of zirconium
atoms delineate interlayer spaces occupied by phosphate groups. Oxygen atoms from six
distinct phosphate groups in turn enforce pseudo-octahedral coordination about each zirconium center. Hydrogen bonding maintains cohesion between layers and -zirconium
phosphate also contains a water molecule hydrogen-bonded to phosphate hydroxyl groups
that rationalizes its overall chemical formula, Zr(O3POH)2 · H2O.
The interlayer spacing of this material, defined as the distance between zirconiumatom planes, was shown to be 7.56 ± 0.02 Å by X-ray diffraction. The monohydrate crystallizes in the monoclinic system; the parameters a = 9.06 Å, b = 5.297 Å, c = 15.414 Å,
and  = 101.71º describe its unit cell.238 In addition to the stated interlayer spacing, the
5.3-Å separation between adjacent hydroxyl groups is a significant feature of the crystal
structure. The latter is largely responsible for defining the basal-plane free area associated
with each hydroxyl group, approximately 24 Å2. Figure 15 on the next page summarizes
the key structural parameters for -zirconium phosphate.
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Figure 15. Idealized crystal structure of -zirconium phosphate, redrawn from Clearfield.239 Water molecules have been omitted for clarity.
Note extension of the structure at the upper right to indicate the approximately octahedral coordination of each zirconium center.

5.2 Simple Zirconium Phosphonates
Alberti240 demonstrated that substitution of an organic moiety R for a hydroxyl
group of the H3PO4 starting material enabled the preparation of zirconium phosphonates.
Initial syntheses were effected by reacting Zr(IV) with a phosphonic acid, (HO)2P(=O)R,
in place of phosphoric acid as shown below. In the solids that result, the R groups extend
Zr4+(aq) + 2 (HO)2P(=O)R(aq)  Zr(O3PR)2(s) + 4 H+(aq)
into the interlayer spaces, inducing structural alterations and imparting distinct properties
to these layered materials. The solids thus synthesized tended to be less crystalline than
-zirconium phosphate, however, which precluded their analysis by X-ray diffraction.

This was remedied by introducing hydrofluoric acid, HF. Complexation by fluoride ion
slowed the release of zirconium into the reaction medium, keeping the concentration of
“free” Zr4+ (and hence the extent of supersaturation) low and thereby improving
crystallinity. The simple expedient of heating amorphous products with aqueous HF
enhanced their crystallinity, and it was also found that syntheses could be executed with
HF present from the outset.
Subsequent to this early work, Maya241 as well as Dines and DiGiacomo242
synthesized numerous organic derivatives. Additionally, Clearfield et al.243 demonstrated
that zirconium phosphonates possess structures analogous to that of -zirconium
phosphate by applying the Rietveld refinement method to powder X-ray data and thereby
establishing the crystal structure of zirconium phenylphosphonate, Zr(O3PC6H5)2 (Figure
16). Given this structural similarity, distances between planes of zirconium atoms should
increase with increasing size of the organic group projecting into the interlayer space.
Representative values of 8.8 Å for Zr(O3PCH3)2,244 12.6 Å for the allyl-substituted
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Zr(O3PCH2CH=CH2)2,242 and 14.7 Å for the phenylphosphonate240 suggest that this is
indeed the case.

Figure 16. Crystal structure of zirconium phenylphosphonate, excerpted from Reference 243.
A pillared zirconium phosphonate can be prepared by utilizing a suitable bisphosphonic acid during synthesis. Unlike the systems referenced thus far, these are materials
in which the organic groups are attached at both termini to zirconium-defined planes.
The organic moieties therefore bridge the interplanar spaces, linking adjacent layers via
covalent bonding. The first alkyl and aryl bisphosphonates, among them the zirconium
biphenylenebis(phosphonate) depicted in Figure 17, were reported by Dines and colleagues245 in 1982. Such materials are potentially porous but, as one might expect, porosity is highly dependent upon the size of the organic pillars. In the case of biphenylenepillared Zr[O3P(C6H4)2PO3], for example, the organic groups are simply too close to one
another to allow for microporosity. Interposition of smaller moieties such as hydroxyl or
methyl groups between pillars can introduce porosity into such a structure, though the
resulting material would of course no longer be a simple but rather a mixed zirconium
phosphonate.239
Thompson and coworkers have described certain photophysical processes of interest in pillared zirconium phosphonates. In particular, they studied systems containing
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Figure 17. Idealized crystal structure of zirconium biphenylenebis(phosphonate), redrawn from Clearfield.239 Each R denotes an additional
biphenylene pillar covalently bonded to another layer.

bridging alkyl viologen groups [Zr(O3PCH2CH2-4,4'-biypridinium-CH2CH2PO3)X2, with
X = Cl, Br, or I] and found that upon irradiation with ultraviolet light ( < 300 nm) the
initially white or off-white solids turned deep blue.246,247 This color, attributed to the formation of a viologen radical cation in the interlayer space, faded to a pale blue only after
exposure to air for several hours. Crowding of viologen moieties in the solid, which limits the ability of the radical quencher O2 to enter the interlayer space, was proposed to
rationalize the comparatively long lifetime of the deep coloration. Indeed, while studying
a mixed zirconium phosphonate with a less bulky second pendant group, Thompson and
colleagues noted the same color change under anaerobic conditions but failed to induce it
at all in the presence of air.248

5.3 Mixed Zirconium Phosphonates
The diversity of zirconium phosphonates extends far beyond materials in which
all organic moieties are identical. Mixed phosphonates can be obtained by combining
two different phosphonic acids with a zirconium source in a reaction analogous to those
considered previously. The result is a material in which the R and R' groups are distributed within the familiar layered framework. Conservation of charge requires that the total
“Zr4+” + x (HO)2P(=O)R + (2 – x) (HO)2P(=O)R'  Zr(O3PR)x(O3PR')2 – x(s) + 4 H+
mole amount of phosphonate within any given solid exceed that of zirconium by a factor
of exactly two, which rationalizes the conventional description of such materials in terms
of the stoichiometric parameters x and 2 – x as indicated above.
Structurally, such mixed zirconium phosphonates can assume one of three general
forms: a homogeneous material in which the two organic pendant groups are distributed
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uniformly within the interlayer space [Figure 18(a)], a “staged” structure in which R and
R' remain rigorously segregated [18(b)], or a mixture of two distinct systems that cocrystallize [18(c)]. Among the variables dictating adoption of a particular structural
motif are miscibility of the organic moieties as well as reaction conditions and duration.
The actual form adopted by a given mixed phosphonate can be discerned from its X-ray
diffraction pattern. Specifically, a single peak indicative of an interlayer spacing that is
intermediate between those of the corresponding pure phosphonates will be observed in
the event of a random distribution. In contrast, the peak due to a staged system corresponds to an interlayer spacing that is the sum of the spacings for the pure phases. For
a co-crystallized system, distinct peaks for each pure phase will appear.

(a)

(b)

(c)

Figure 18. Schematic representations of three common structural motifs for mixed zirconium
phosphonates.

This marks the close of the final brief section intended to establish a foundation
for the laboratory efforts and experimental results presented in the sixth and final chapter.
As the target of the preparative work described was a porphyrin-pillared mixed zirconium
phosphonate, the relevance of each of §5.1-5.3 will become apparent.
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CHAPTER 6: A PORPHYRIN-PILLARED ZIRCONIUM PHOSPHONATE
6.1 Project Goals
The aims of the preparative work detailed in this chapter were threefold: (i) synthesis of a porphyrin difunctionalized with phenylphosphonic acid groups at opposite termini of the macrocycle, (ii) incorporation of said porphyrin-based bis(phosphonic acid)
into a mixed zirconium phosphonate possessing a porous structure, and (iii) binding of
Pt2+ ions to the porphyrin moieties bridging the interlayer spaces and investigation of the
metalated system’s photophysics. The penultimate goal was envisioned as giving rise to
a pillared material somewhat analogous to the alkyl viologen systems briefly discussed in
§5.2. The final objective was grounded in the numerous reports of oxygen detection via
quenching of metalloporphyrin luminescence that were the subject of Chapter 2.

Figure 19. Idealized structure of desired porphyrin-pillared mixed zirconium phosphonate.
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The mixed zirconium phosphonate represented in Figure 19 was chosen for study
as a potential oxygen- and pressure-sensitive material principally because of its anticipated chemical inertness and photostability. -Zirconium phosphate, the structural parent
of the desired material, was investigated extensively as an ion exchanger for water purification in nuclear reactors as early as the 1950s,249 and so the expectation that the mixed
derivative envisioned here will better withstand optical irradiation than many of the PSP
matrices assessed to date is a reasonable one. Although incorporation of the novel mixed
phosphonate into a traditional PSP formulation is conceivable, a far more interesting application would be direct imaging of airflows via dispersal of the pure material throughout a wind-tunnel atmosphere in an extension of certain efforts by Gouterman et al.113
discussed previously. And why a pillared material? The loftier response might reference
the increased structural stability and in particular the constancy of the interlayer spacing
that such a motif enforces. There is a more mundane rationale, however: synthesis of a
porphyrin bearing only one phenylphosphonic acid group would be prohibitively difficult.
Even the disubstituted porphyrin ultimately utilized was only obtainable in low yield via
the complex multistep scheme described in §6.2, although the original protocol did prove
amenable to promising modifications that have borne some fruit.

6.2 The Original Synthetic Scheme
6.2.1 Overview
Because the porphyrin required here is asymmetrically substituted, none of the assorted preparative schemes discussed in §2.1 was appropriate for its synthesis. Instead, a
specialized convergent strategy was implemented. Scheme 4(a) on the following page
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summarizes the first prong of this approach, which culminated with formation of the aldehydic porphyrin precursor diethyl 4-formylphenylphosphonate (6.3). Reaction 4(b) was

Scheme 4(a)

Reaction 4(b)

Scheme 4(c)
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employed to obtain dipyrromethane, the other immediate precursor of the desired porphyrin. Combination of these two species to form the macrocycle followed by hydrolysis of
the phosphonate esters as indicated in Scheme 4(c) at last gave porphyrin 6.5 in its freebase form, which was combined with zirconyl chloride and methylphosphonic acid in
hopes of generating a pillared material sufficiently porous to enable O2 penetration. Each
of the original scheme’s constituent reactions is described in the subsections that follow.
6.2.2 Procedures
6.2.2.1 Materials
p-Toluenesulfonic acid (98%), triphenylphosphine (Ph3P, 99%), and zirconyl
chloride octahydrate (ZrOCl2 · 8H2O, 98+%) were purchased from the Aldrich Chemical
Company, Inc. 4-Bromobenzaldehyde (99%), palladium(II) chloride (PdCl2, 59% Pd),
hydrazine hydrate (64% N2H4), diethyl phosphite (98%), pyrrole (99%), paraformaldehyde (96%), and DDQ (98%) were purchased from Acros Organics. Among the remaining reagents utilized, trifluoroacetic acid (99.5+%) and pyridine (99.99+%) were
purchased from EMD Chemicals, Inc., methylphosphonic acid (98%) was purchased
from Lancaster Synthesis, Inc., and concentrated sulfuric acid (96.5%, ACS reagent) and
hydrofluoric acid (48.0-51.0%) were purchased from J. T. Baker. Trimethylsilyl bromide
(TMSBr) was prepared in-house by Matthew R. Manney.250 PdCl2, hydrazine hydrate,
diethyl phosphite, pyrrole, and paraformaldehyde arrived in nitrogen-flushed containers.
All reagents were used as received in the execution of the original preparative scheme,
although pyrrole was distilled over calcium hydride prior to subsequent synthetic efforts.
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6.2.2.2 Bromo-4-(1,3-dioxolan-2-yl)benzene, 6.1
p-Toluenesulfonic acid (100 mg), 4-bromobenzaldehyde (1.8509 g, 10.00 mmol),
ethylene glycol (0.84 mL, 15 mmol), and toluene (50 mL) were combined in a 100-mL
round-bottom flask containing a stir bar. The flask was fitted with a Dean-Stark apparatus and a condenser, the Dean-Stark trap was filled with additional toluene, and the
reaction mixture was refluxed with continuous stirring for 24 hours. The product mixture
was transferred to a 250-mL separatory funnel to which approximately 50 mL of Et2O
were added subsequently. After the organic phase was washed with saturated aqueous
Na2CO3 and then with deionized water, it was dried over anhydrous Na2SO4. Removal of
the drying agent by suction filtration and concentration of the organic phase on a rotary
evaporator yielded 6.1 as a pale yellow oil (2.8002 g).
6.2.2.3 Tetrakis(triphenylphosphine)palladium(0), Pd(PPh3)4
DMSO (14 mL) was added to a 100-mL three-neck round-bottom flask fitted with
a condenser. After insertion of a thermometer through an adapter affixed to a second
neck, N2 was bubbled into the solvent for 10 minutes. The gas-delivery needle was then
repositioned to maintain a stream of N2 via injection through a septum at the top of the
condenser. PdCl2 (0.2040 g, 1.15 mmol), Ph3P (1.4900 g, 5.68 mmol), and a stir bar were
added to the flask; the nitrogen flow rate was increased during these additions so as to
minimize exposure of the flask’s contents to the open atmosphere. The stirred solution
was heated to 140C, gradually turning deep red as PdCl2 and Ph3P dissolved. Injection
of hydrazine hydrate (0.24 mL, 4.89 mmol N2H4) as soon as the reaction mixture reached
140C caused slight bubbling. The mixture was maintained at 140C for five minutes,
after which the flask was removed from the heating mantle and rapidly chilled to 120C
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with an ice bath. Crystallization of the yellow-green product from the dark red reaction
mixture began to occur during this initial cooling stage and the ice bath was removed
once the temperature reached 120 ºC so that the flask’s contents could continue cooling
to room temperature under ambient conditions. The yellow-green crystalline product
(1.2454 g, 93.7%) was isolated via suction filtration, washed with chilled aliquots of first
EtOH and then Et2O, and stored in a desiccator.
6.2.2.4 Diethyl 4-(1,3-Dioxolan-2-yl)phenylphosphonate, 6.2
Diethyl phosphite (1.73 mL, 13.4 mmol), 6.1 (2.8002 g, 12.224 mmol), and Et3N
(1.87 mL) were combined in a three-neck 100-mL round-bottom flask containing a stir
bar and toluene (20 mL). One neck was fitted with a condenser, the top of the condenser
and one of the remaining necks were sealed with septa, and the third neck was sealed
with a ground-glass stopper. The stirred reaction mixture was purged with nitrogen via a
syringe needle inserted through the septum-sealed neck for 10 minutes, after which the
needle was repositioned to inject nitrogen at the top of the condenser. The N 2 flow rate
was then increased, the glass stopper was removed, the Pd(PPh3)4 catalyst (0.7071 g,
0.6119 mmol) was added quickly, and the stopper was replaced prior to reduction of the
N2 flow rate to its previous value. The temperature of the continuously stirring reaction
mixture was increased to 90C and maintained for 24 hours. Filtration over Celite followed by rotary evaporation afforded crude product that was purified by column chromatography (silica gel, initially 1:1 and later 1:9 hexanes:EtOAc as eluent). Combination
of the appropriate fractions and concentration yielded 6.2 as a yellow oil (4.0611 g).
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6.2.2.5 Diethyl 4-Formylphenylphosphonate, 6.3
THF (10 mL), 6.2 (4.0611 g, 14.187 mmol), and 1 N aqueous H2SO4 (10 mL)
were combined in a 100-mL round-bottom flas. The mixture was stirred magnetically
overnight (approximately 12 hours) at room temperature, after which it was transferred to
a 250-mL separatory funnel along with equal volumes of CH2Cl2 and saturated aqueous
NaHCO3. The organic layer was washed, drawn off, washed with de-ionized water, dried
over anhydrous MgSO4, and subjected to suction filtration to remove the desiccant.
Concentration on a rotary evaporator gave 6.3 as an orange-yellow oil (2.6926 g).
6.2.2.6 Dipyrromethane
Pyrrole (100 mL, 1.44 mol) and paraformaldehyde (1.7769 g, 59.179 mmol) were
combined in a three-neck 250-mL round-bottom flask containing a stir bar. The flask
was fitted with a condenser and a thermometer, and all openings were sealed with septa.
Nitrogen was bubbled through the mixture for 5 minutes, and the flask was kept under an
atmosphere of N2 for the duration of the ensuing reaction. It proved necessary to heat the
mixture to 70 ºC in order the enable all of the paraformaldehyde to dissolve. Trifluoroacetic acid (0.45 mL) was then injected via syringe, immediately causing the pale yellow
solution to turn dark red. After 15 minutes, 3 mL of 6 M aqueous NaOH were added to
quench the reaction. The product mixture was transferred to a 500-mL separatory funnel,
approximately 100 mL of ethyl acetate were added, and the organic phase was washed
with deionized water and dried over anhydrous Na2SO4. Vacuum filtration followed by
removal of ethyl acetate and excess pyrrole with a rotary evaporator afforded the impure
product. Failure of multiple attempts to purify the product via vacuum distillation necessitated the use of column chromatography (silica gel, 1:1 hexanes:EtOAc as eluent), after
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which the brown oil containing the desired product was twice recrystallized from 1:1
EtOH:water to yield white waxy crystals of dipyrromethane (1.0671 g).
6.2.2.7 Porphyrin Bis(diethyl 4-phenylphosphonate), 6.4
Dipyrromethane (0.2075 g, 1.419 mmol), 6.3 (0.3414 g, 1.410 mmol), and CH2Cl2
(800 mL) were combined in a 1-L round-bottom flask containing a stir bar. The flask’s
neck was fitted with a condenser whose top was sealed with a septum and the
continuously stirred contents were purged with N2 via a syringe needle inserted through
the septum for 15 minutes. Trifluoroacetic acid (0.29 mL) was then injected, which
caused the reaction solution to darken. The flask and its contents were heated mildly and
maintained at 40C under nitrogen with continuous stirring for seven hours, after which
DDQ (1.7441 g) was added and the mixture was left to stir for another hour. Pyridine (6
mL) was then added to precipitate the byproduct of the DDQ oxidation and the mixture
was allowed to stir for a final hour before being cooled to room temperature and
subjected to suction filtration. The filtrate was concentrated to approximately 50 mL on a
rotary evaporator, transferred to a 250-mL separatory funnel, and washed twice with
equal volumes of saturated aqueous NaHCO3.

After three subsequent washes with

deionized water, the organic phase was dried with anhydrous MgSO4, the drying agent
was removed by suction filtration, and the crude reaction mixture’s volume was further
reduced to about 10 mL.

Transfer of this concentrate into 400 mL of hexanes

immediately precipitated the porphyrin, which was collected by suction filtration, redissolved in 10 mL of CH2Cl2, re-precipitated in another 400 mL of hexanes, and again
collected. Repetition of this process once more yielded partially purified porphyrin that
was subjected to column chromatography. The column was packed with 100 g of silica
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gel suspended in 5% Et3N in CH2Cl2 and a 98:2 CH2Cl2:MeOH mixture was employed as
eluent. Collection of the desired fractions (identified via TLC), washing with deionized
water, drying with MgSO4, concentration by rotary evaporation, and removal of residual
solvent under high vacuum gave the purified product as a dark purple powder (0.0596 g).
6.2.2.8 Porphyrin Bis(phenyl-4-phosphonic acid), 6.5
A 100-mL round-bottom flask was charged with the porphyrin bis(diethyl 4phenylphosphonate) (0.0596 g, 0.0811 mmol). After dissolving the solid in CH2Cl2 (50
mL) and adding a stir bar, the flask was fitted with a condenser and the stirred solution
was purged with N2 by means of a long syringe needle for 10 minutes. An inert N2
atmosphere was maintained for the duration of the ensuing reaction. TMSBr (0.72 mL,
5.6 mmol) was injected and the stirred reaction mixture was allowed to reflux overnight
at 40 ºC, after which the solvent was removed via rotary evaporation. MeOH (50 mL)
was added to the flask, this new mixture was refluxed overnight, and the resultant solid
was isolated by suction filtration and dried under high vacuum to afford the bis(phenyl-4phosphonic acid) as a reddish-purple solid (0.0480 g, 95.1%).
6.2.2.9 Zr(O3PC6H4—porphyrin—C6H4PO3)0.4(O3PMe)1.2
Methylphosphonic acid (0.0339 g, 0.353 mmol) and 6.5 (0.0480 g, 0.0771 mmol)
were dissolved in DMSO (15 mL). Separately, ZrOCl2 · 8H2O (0.0622 g, 0.193 mmol)
was dissolved in 1:1 DMSO:H2O (10 mL) to which approximately 1 mL of 2 M HF(aq)
was then added via pipette. These solutions were combined in a 50-mL round-bottom
flask with a stir bar and the stirred mixture was refluxed under N2 for 6 days, after which
it was divided evenly among four test tubes. Subsequent to centrifugation for 30 minutes
and decantation of the supernatant, the solids thus obtained were washed once with 1:1
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DMSO:H2O, twice with acetone, and twice with Et2O. The reddish-brown material was
left open to the air overnight and collected in a small vial.
6.2.3 Results
The desired porphyrin bis(phenyl-4-phosphonic acid) was synthesized on a 48-mg
scale from the simple starting materials 4-bromobenzaldehyde, pyrrole, and paraformaldehyde by means of the convergent strategy presented schematically in Schemes 4(a) and
4(c) and Reaction 4(b). Yields of individual reactions varied widely. Among the most
efficient steps was that affording the catalyst Pd(PPh3)4 and that giving 6.5 from the corresponding phosphonate ester. Computed yields of 6.1 and 6.2 exceeded 100% ostensibly
on account of solvent retention, whereas the reactions giving dipyrromethane and 6.4
were synthetic bottlenecks with respective yields of only 12.3% and 11.5%.
In the interest of vetting the scheme as rapidly as possible, only 1H NMR spectroscopy was employed to characterize most products. However, the powder obtained
from the final reaction of 6.5 with ZrOCl2 and MePO3H2 was also analyzed by powder Xray diffractometry, a method that requires some preliminary comment. In studies of zirconium phosphates and phosphonates, the distance d002 between the zirconium planes
[with Miller indices (002)] is often the structural parameter of greatest interest. This
spacing is established empirically via Bragg’s law for constructive interference, Eq. (6.1).
n = 2d sin

(6.1)

Here n is an integer,  the X-ray wavelength, and  the diffraction angle of the X-rays.
In practice, first-order diffraction is usually observed and so n is unity. The wavelength
of the incident radiation is also constant for a given X-ray source; the Geology Department’s Rigaku Mini-Flex II diffractometer utilizes Cu K radiation with  = 1.54178 Å.
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With both n and  fixed, a larger d value necessarily implies a smaller value of sin and
hence . As the planes defined by the Zr centers generally exhibit the largest interplanar
spacing in the lattice of a zirconium phosphonate, it follows that this spacing (d002) will
correspond to the smallest-angle peak in the associated diffraction pattern.
Figure 20 on the next page is the X-ray diffraction pattern for the putative mixed
zirconium phosphonate. In addition to the pronounced amorphous hump extending from
approximately 19º to 36º 2, which likely originated in the interaction of incident X-rays
with negligibly crystalline portions of the sample, two low-angle peaks suggesting some
crystallinity are apparent. However, calculations based on Bragg’s law show that the
left-most peak corresponds to an interlayer spacing of just 11.14 Å; that implied by the
adjacent peak is of course even smaller (8.91 Å). The latter value is in accord with the
interlayer spacing of Zr(O3PMe)2 stated in §5.2. The 11.14-Å spacing, though appreciably larger, is nonetheless exceeded by that of zirconium biphenylenebis(phosphonate).
Are these results conclusive? The answer appears to be no. An approximate calculation utilizing average C(aromatic)—P(4 coordinate) and C(aromatic)—C(aromatic)
bond lengths as well as optimized dimensions of the benzene and porphyrin rings (see
Figure 21 on page 138) reveals that the relevant first-order diffraction peak of the desired
porphyrin-pillared phosphonate should appear at 2 ≈ 1.9º, which lies below the smallest

angle ordinarily accessible to the Mini-Flex II X-ray diffractometer (2 = 5). Dr. John
M. Hughes has confirmed that the instrument can in fact be modified to permit analysis at
smaller scattering angles, but eventually it was established that the lowest such value
attainable is about 2.5º 2—still too large to permit detection of first-order reflection from
the ultimate product, at least assuming it to possess the pillared structure expected.
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Figure 20. Powder X-ray diffraction pattern of product obtained via reaction of 6.5 with ZrOCl2 · 8H2O and MePO3H2 in refluxing HF.
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Figure 21. Bond lengths and transannular distances relevant to the estimation of d002 for the
porphyrin-pillared mixed zirconium phosphonate. The width of the macrocycle was computed
via application of elementary trigonometry to the set of optimized parameters for the porphyrin
skeleton reported by Fleischer.251 The value of 1.6 Å assigned to the distance between the phosphorus atom and the plane defined by the three oxygen atoms of a given phosphonate group is
that derived by Amicangelo based upon a model in which the oxygen and zirconium centers were
treated as nearly coplanar.252 The estimate d002 ≈ 22.8 Å is thus rather conservative.

The 31P NMR spectrum of the final product, presented as Figure 22, is somewhat
more suggestive. Only two prominent resonances appear, one at – 4.128 and the other at
+ 5.766 ppm (relative to 85% H3PO4, the standard reference in
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P NMR spectroscopy).

The former peak is attributed to porphyrin-linked phenylphosphonate groups bonded to
zirconium centers; Clearfield239 quoted a value of – 4.8 ppm for analogous groups of the
pillared zirconium biphenylenebis(phosphonate) mentioned in §5.2. The larger peak is
ascribed to zirconium-bound methylphosphonate groups in keeping with the range of 
values (6.65-8.52 ppm) that Leenstra and Amicangelo244 reported for such functionalities
based on their characterization of several methyl/p-aminobenzyl zirconium phosphonates.
These spectroscopic results thus seem to imply the proper connectivity in the material under investigation. Even so, this technique does not enable methylphosphonate groups
incorporated into a mixed material to be distinguished from those that crystallized as pure
Zr(O3PMe)2. The 31P chemical shift that Leenstra and Amicangelo measured for the pure
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Figure 22.
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P NMR spectrum of putative porphyrin-pillared mixed zirconium phosphonate. The sample was rotated at the so-called magic
angle with a frequency of 8 kHz during spectrum acquisition. The symmetrically disposed features between – 30 and – 50 ppm and between
30 and 50 ppm are spinning sidebands and convey no chemical information.

methylphosphonate, 6.92 ppm, clearly fell within the range stated above for their series of
mixed materials and there is no basis for anticipating a pronounced spectral separation
here. The morphology of the more intense peak in Figure 22 suggests contributions from
multiple unresolved resonances, and the shoulder at 2.054 ppm is apparent. In any case,
even without assigning a specific spectral feature to Zr(O3PMe)2, its presence as a distinct
co-crystallized phase can be assumed realistically based on the X-ray diffraction data.

6.3 A Revised Synthetic Protocol
Even allowing for the probability that the target porphyrin-pillared mixed phosphonate comprised a portion of the powder sample analyzed, some Zr(O3PMe)2 evidently
crystallized as a distinct phase. Recognizing this, adjustment of reaction conditions for
the synthesis of the layered material to facilitate thorough incorporation of the porphyrin
bis(phenyl-4-phosphonate) was judged appropriate. Any systematic study of such conditions would in turn require a substantially larger supply of the precursor 6.5, implying the
necessity of optimizing the original synthetic procedure. Recycling of the excess pyrrole
used in Reaction 4(b) assuredly would mitigate that reaction’s low yield and was immediately identified as a practical way to improve efficiency. However, means by which the
cyclization reaction yielding 6.4 might be optimized were less apparent. Indeed, in a paper upon which much of the synthetic work described herein was based, Deniaud et al.253
reported yields ranging from 14% to at most only 30% in their syntheses of porphyrinbased zinc polyphosphonates. The fundamental problem, inherent in the methodology
and common to many porphyrin syntheses, is enforcing reactant concentrations that are
sufficiently high to allow the aldehydic and dipyrrolic precursors to combine and yet not
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so high that condensation proceeds appreciably beyond the union of two precursors of
each type.
Extensive consultation with Dr. Adam Whalley enabled the original scheme affording 6.5 to be reformulated with fewer steps. In particular, he recommended deferring
the palladium-catalyzed coupling of diethyl phosphite with each bromophenyl moiety until after formation of the porphyrin. This modification renders conversion of the aldehyde
to an acetal and subsequent hydrolytic deprotection unnecessary and was rooted in a recent publication by Xie and coworkers.254 The revised protocol is presented as Scheme 5.
It should be noted that the possibility of palladium complexation by the macrocycle and
resultant destruction of the Pd(PPh3)4 catalyst was considered at this stage but ultimately
dismissed. Unlike their rather electrophilic Pd(II) analogues, complexes of zero-valent
palladium such as Pd(PPh3)4 are comparatively nucleophilic and hence unlikely to interact
favorably with the electron-rich nitrogen atoms lining the macrocycle’s core.255 Geometric constraints also militate against strong binding—a Pd(0) center is substantially larger
than a Pd(II) center and the former cannot be accommodated as readily within the tetrapyrrolic core. Porphyrins do complex Pd2+ quite strongly, but their binding affinities for
Pt2+ are higher still.83 Thus, even if some fraction of the Pd(II) transiently generated in
situ during the coupling step binds to the newly synthesized porphyrin, displacement of
these metal centers by Pt2+ ions to yield the material desired for photophysical studies is
expected to be feasible.
The paper by Xie et al. referenced above also identified indium(III) chloride as
the catalyst of choice in synthesizing dipyrromethanes from pyrrole and appropriate aldehydes. A targeted reexamination of the chemical literature addressing this particular class
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Scheme 5. Revised protocol for synthesis of the desired porphyrin bis(phenyl-4-phosphonic acid) from 4-bromobenzaldehyde, pyrrole, and
paraformaldehyde. Deferring the palladium-catalyzed coupling of diethyl phosphite with each bromophenyl moiety enables the elimination of
two steps from the original synthetic scheme. The first of the four reactions comprising this scheme was attempted not only with paraformaldehyde as shown but also with benzaldehyde, use of the latter affording 5-phenyldipyrromethane as opposed to unsubstituted dipyrromethane.

of reactions brought to light an extensive study by the Lindsey group at North Carolina
State University in which thirteen different acids were tested for their efficacies in catalyzing syntheses of dipyrromethanes.256 Of the eight Brønsted acids (including trifluoroacetic acid, TFA) and five Lewis acids assessed, indium(III) chloride was unequivocally
identified as the most effective catalyst for reactions involving a wide variety of aldehydes. In the representative reaction of benzaldehyde with excess pyrrole, for instance,
InCl3 enabled over 99% of the aldehyde to react while inducing minimal formation of
side products such as diphenyltripyrrane and concomitant darkening of the reaction mixture. Such darkening was noted universally during the author’s prior attempts to synthesize unsubstituted dipyrromethane via the TFA-catalyzed reaction of paraformaldehyde
with pyrrole according to Reaction 4(b), all of which had resulted in complex and nearly
intractable product mixtures from which purified dipyrromethane could be extracted only
with extreme difficulty. In light of such experiences, the appeal of InCl 3 as an alternative
catalyst was considerable despite its cost. Furthermore, its virtual insolubility in pyrrole
promised ease of separation from the reaction mixture on completion of a given synthesis.
Lindsey and colleagues also investigated other aspects of the synthetic reactions
under consideration. Their reported removal of excess pyrrole from each reaction mixture by distillation and its successful use in later syntheses confirmed the feasibility of
such reagent recycling, and an optimal 100:1 pyrrole:aldehyde mole ratio was established
for the synthesis of 5-phenyldipyrromethane with general applicability. Both of these
procedural refinements were incorporated into the revised protocol depicted on the preceding page, as was the preliminary purification of pyrrole by distillation over calcium
hydride. Still more auspicious were the authors’ descriptions of recrystallization-based
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purification procedures for all of the dipyrromethanes studied (including the unsubstituted
prototype), which would render time- and solvent-consuming column chromatography
unnecessary.
In proceeding to test the complete Scheme 5, it was decided to commence with a
trial synthesis of 5-phenyldipyrromethane because the preparation of this compound best
exemplified the Lindsey group’s optimized procedure. Once proficiency in obtaining 5phenyldipyrromethane had been developed, the intent was to advance to the synthesis of
dipyrromethane itself and thence ultimately to the porphyrin bis(phenyl-4-phosphonic
acid) desired. Regrettably, although the literature procedure for synthesis and purification of 5-phenyldipyrromethane proved amenable to successful execution, the analogous
protocol for dipyrromethane did not despite exhaustive efforts over a period of several
months. With the amended synthetic scheme effectively stalled at the first of its constituent reactions, additional progress toward the porphyrin bis(phenyl-4-phosphonic acid) has
proven correspondingly elusive.
Given the comparative success in synthesizing 5-phenyldipyrromethane, due consideration was devoted to proceeding with Scheme 5 by substituting this compound for
the precursor originally envisioned. The porphyrin bis(phenylphosphonic acid) obtained
as the scheme’s end product then would bear two additional phenyl groups as lateral
“wings” that presumably would increase steric bulk but otherwise affect its chemistry
only minimally. However, this putative increase in girth could very well exert a pronounced effect on the properties of any layered material into which the porphyrin
bis(phenylphosphonate) might be incorporated. Diffusion of oxygen into the interlayer
spaces of such a material would likely be hindered, for example, and yet such penetration
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by O2 is expressly required if the material is to function as an oxygen sensor via luminescence quenching. This difficulty might be ameliorated by increasing the number of
methylphosphonate groups relative to the number of porphyrin-based pillars and thereby
diluting the latter, but the apparent tendency of zirconium methylphosphonate to exclude
the porphyrin bis(phenylphosphonate) in favor of crystallizing as a distinct phase would
then present an accompanying synthetic challenge.
Fortunately, alternatives that could enable the revised synthetic scheme to be preserved intact do exist. Revisiting column chromatography as a means of purifying crude
dipyrromethane is one such possibility. The inability to obtain a supply of this crucial
precursor appears to originate with the recrystallization process intended to free it from
contamination: a solid believed to be impure dipyrromethane could be synthesized and
dissolved readily in the specified mixed solvent, but no dipyrromethane could later be
recovered from the solution that resulted. Interestingly enough, the very same paper
detailing this recrystallization procedure also features a description of a chromatographic
alternative—Lindsey et al. noted that column chromatography over silica with a 7:2:1
mixture by volume of hexanes:CH2Cl2:EtOAc as the eluent afforded dipyrromethane of
greater than 99% purity at a yield surpassing that obtainable by recrystallization on the
same scale.255

6.4 Concluding Remarks
Even before such time as the on-site synthesis and purification of dipyrromethane
have been rendered practical and reliable, the second reaction in Scheme 5 can be attempted. The key is utilizing a commercially available starting material, which is indeed
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accessible: two one-gram vials of dipyrromethane (98% purity) were purchased from
Toronto Research Chemicals, Inc. and have been stored in an inert-atmosphere glove box
since their arrival to preclude air oxidation. At $150 per gram, the commercial product is
clearly too expensive for large-scale or sustained use. That said, its immediate availability offers the best prospect for addressing the synthetic questions raised in this original
study. Former undergraduate collaborator Dylan Ness (B.S. May 2016) utilized a portion
of the purchased material in an exploratory test of Scheme 5 and has already reported encouraging results.
Ultimately, two of the three closely related goals set forth at the beginning of this
chapter have been achieved: a novel porphyrin difunctionalized with phenylphosphonic
acid moieties was prepared from simple organic precursors and incorporated into a mixed
zirconium phosphonate. Poor yields associated with certain steps of the original synthetic
scheme combined to result in a low yield of the final product, which was obtained in such
a small quantity that no attempt to introduce Pt2+ ions into the porphyrin-based pillars has
yet been made. Furthermore, certain ambiguities regarding the composition and structure
of the material persist. The redesigned preparative protocol detailed in §6.3 promises to
address such difficulties by enabling more efficient production of the porphyrin precursor, however. It is hoped that this will not only allow lingering questions concerning the
structure of the mixed phosphonate to be answered but will also permit photophysical investigations of the desired platinum-bearing analogue. The realm of luminescent oxygenand pressure-sensitive materials—already incredibly diverse—will thereby be expanded
still further.
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